University of Arkansas, Fayetteville

ScholarWorks@UARK
Graduate Theses and Dissertations
7-2021

Tribological Studies of Thick Polytetrafluoroethylene Coatings
Enhanced by Polydopamine and Nanoparticles
Sujan Kumar Ghosh
University of Arkansas, Fayetteville

Follow this and additional works at: https://scholarworks.uark.edu/etd
Part of the Energy Systems Commons, Polymer and Organic Materials Commons, and the Tribology
Commons

Citation
Ghosh, S. K. (2021). Tribological Studies of Thick Polytetrafluoroethylene Coatings Enhanced by
Polydopamine and Nanoparticles. Graduate Theses and Dissertations Retrieved from
https://scholarworks.uark.edu/etd/4129

This Dissertation is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for
inclusion in Graduate Theses and Dissertations by an authorized administrator of ScholarWorks@UARK. For more
information, please contact scholar@uark.edu.

Tribological Studies of Thick Polytetrafluoroethylene Coatings Enhanced by Polydopamine and
Nanoparticles

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy in Engineering

by

Sujan Kumar Ghosh
Khulna University of Engineering and Technology
Bachelor of Science in Mechanical Engineering, 2012
University of North Dakota
Master of Science in Mechanical Engineering, 2016

July 2021
University of Arkansas

This dissertation is approved for recommendation to the Graduate Council.

Min Zou, PhD
Committee Chair

Paul Millett, PhD
Committee Member

Xiangbo Meng, PhD
Committee Member

David Huitink, PhD
Committee Member

Jingyi Chen, PhD
Committee Member

Abstract
Polytetrafluoroethylene (PTFE) is a popular low friction solid lubricant with high chemical and
thermal stability. Thick PTFE coatings have the potential for many tribological applications, such
as replacing Tin-based Babbitt materials in journal bearings. However, the weak bonding strength
to the substrate and the high wear rate of PTFE coatings are current limiting factors. The lack of
understanding of their tribological properties and wear mechanisms in oil-lubricated conditions
and how coating thickness affects the tribological performance further hindered the use of PTFE
coatings. In this dissertation, polydopamine (PDA), a bio-inspired adhesive, is used as an
underlayer for or as a constituent of PTFE coatings to improve the tribological properties of the
resulting PDA/PTFE and PDA + PTFE composite coatings. The tribological properties and wear
mechanisms of the coatings were studied in dry and oil-lubricated conditions. The wear
mechanisms were investigated and correlated with their nanomechanical properties.
The durability of the PDA/PTFE coatings increased drastically when the thickness is over
34 µm due to the reduction in contact pressure. The 42 µm-thick PDA/PTFE coating was four
times more durable in dry condition than the PTFE coating of similar thickness due to the better
adherence to the substrate and higher load-carrying capacity. PDA mixed with PTFE helped
prevent the detachment of PTFE coating from the substrate and improved the durability by 11
times. Hot compaction further increased the durability of the PDA+PTFE coating by 2.6 times by
reducing the porosity and preventing delamination. In addition to better adhesion to the SS
substrate and better load-carrying capacity, reduced porosity and roughness due to the hotcompaction prevented the local and global deformation of the compacted PDA+PTFE coating
during wear tests, which in turn improved the durability of the coating.

Mixing PDA with PTFE increased Young's modulus of the PTFE coating from 0.61 to 0.97
GPa. Adding Cu nanoparticles (NPs) further increased Young's modulus of the PDA+PTFE
coating and decreased the adhesion force between the AFM probe and coating surface. The PDA
and PTFE particles cross-link themselves during the annealing process, and the presence of Cu
NPs helps further cross-linking between the PDA and PTFE particles. The PDA+PTFE coating
showed a 62.5% less COF in oil-lubricated conditions than in dry conditions. Moreover, the
PDA+PTFE coating is five times more durable than PTFE coating in boundary oil-lubricated
conditions. The delamination dominated the wear mechanism of the PDA+PTFE coating in the
coating due to the presence of porous and non-annealed PDA+PTFE coating underneath the
compacted top surface. The addition of 0.25 wt% of Cu NPs further improved the durability of
PDA+PTFE coatings by 60% in boundary oil-lubricated conditions. The improved durability of
the PDA+PTFE+0.25 wt% Cu NPs coating can be attributed to the lower adhesion force to the
counterface, enhanced cross-linking between the PTFE and PDA in the presence of Cu NPs, better
adherence to the substrate, and the better load-carrying capacity of these coatings. The addition of
Cu NPs also improved the thermal conductivity of the PDA+PTFE coating by 12%. This research
showed that the PDA can enhance the durability and adherence of the PTFE coatings to substrate,
which open the avenue to investigate further the potential of the PDA+PTFE coatings in journal
bearing applications.
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Chapter 1
Introduction

1.1 Background and Motivation
Polytetrafluoroethylene (PTFE) is a linear fluoropolymer with strong covalent bonds
between carbon (C) and Fluorine (F) [1]. Figure 1.1 shows the chemical structure of the PTFE. It
can be seen that the backbone of the PTFE is C-C bonds, and the pendant of the PTFE is C-F
bonds. The CF2-CF2 bonds repeat to form the fluoropolymer [2-4]. PTFE is a popular low friction
solid lubricant with very high thermal and chemical stability [1]. However, when rubbed against a
hard surface, PTFE is easily transferred to the counterface leading to a high wear rate [3-4].
Furthermore, PTFE coatings have low adhesion to metallic surfaces because of its non-stick
properties [1], which leads to easy delamination under frictional loads. This further hindered the
use of PTFE as coatings for tribological applications [1,5-7].

(a)

(b)

Fig 1.1: The chemical bonding and 3D chemical structure of the PTFE. (a) chemical
bonding of PTFE and (b) 3D chemical structure of the PTFE [2].
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Polydopamine (PDA) is a bio-inspired adhesive polymer formed by the oxidation of
dopamine [8-12]. The PDA's chemical structure is still under discussion but possibly consists of
covalently bonded dopamine, dihydroxy indole, and indoledione [12], as shown in Figure 1.2.
Some researchers hypothesized that PDA is consists of a non-covalent arrangement among
dopamine, dopamine-quinone, and 5,6-dihydroxyindole, but others hypothesized that PDA is a
heteropolymer consist of catecholamine, quinone, and indole in repeating units [13]. Even though
the chemical structure of PDA is still under study, it is widely accepted that DOPA ('3, 4
dihydroxy-L-phenylalanine') and 'lysine peptides' [8-11] are the main building blocks of PDA. The
amine group of lysine peptides and DOPA can act as a binding agent to the inorganic substrate [811].

Fig. 1.2 The possible chemical structure of polydopamine and their formation by
oxidation of dopamine in alkaline solution of controlled pH [12]. (Copyright 2013
American Chemical Society)
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PDA has been used as an underlayer to improve the adhesion between the substrate and
thin PTFE coatings and showed promising durability in dry contact conditions [13-23]. For many
tribological applications, thick PTFE coatings are desirable [24-29]. For example, thick PTFE
coatings can be used in journal bearings as an alternative to the Tin-based Babbitt to create
environmentally safe lead-free bearings. The thickness of the PTFE coatings plays an important
role in the tribological performance of the PDA/PTFE coatings. However, the effects of PTFE
coating thickness on the durability of the PDA/PTFE coatings have not been systematically
studied. In addition, PTFE coatings have not been extensively studied in oil-lubricated conditions,
which is very critical for applying PTFE coatings to journal bearings. Furthermore, PDA can be
added to PTFE to form PDA+PTFE composite coatings to enable more durable coatings.
In this dissertation research, the effects of the PTFE coating thickness on the tribological
properties of thick PDA/PTFE coatings on stainless steel substrates were examined. The
tribological performances of the PDA+PTFE nanocomposite coatings with the desired coating
thickness on cast iron substrates in oil-lubricated conditions were then investigated for potential
applications in journal bearings. Additionally, the effects of compacting and adding Cu
nanoparticles (NPs) to the PDA+PTFE coatings on the nanomechanical properties (adhesion,
modulus of elasticity, and hardness) of the coatings were studied and correlated to their tribological
properties to understanding the wear mechanisms and tribological behavior of these coatings.

1.2 Literature Review
1.2.1 Tribological Properties of Thick PTFE Coatings
PTFE shows a low COF but has a high wear rate due to the weak Van der Waals interaction
between the PTFE molecules [3-6]. The low COF of the PTFE can be attributed to the linear chain
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molecules of PTFE, which can form a low shear film during sliding [3]. The continuous forming
and breaking of the low shear films are responsible for the high wear rate of bulk PTFE during
sliding [4-8, 30-40]. However, the high wear rate of PTFE thin coatings can also be attributed to
the weak adhesion between the PTFE coatings and the substrates [13-23].
Much work has been carried out over the years to increase PTFE coatings' adhesion to
metallic surfaces [7-12]. Using a primer coat of an acrylic-based polymer and roughening the
surface with sandpaper are the most popular ways to increase adhesion between PTFE and a
substrate surface [21]. Inspired by Lee et al. [8-11], Beckford et al. [13] had used an ultrathin
polydopamine (PDA) underlayer to enhance the adhesion between the PTFE coating and a
stainless steel (SS) substrate, and hence improved the durability of the PTFE coating dramatically
in dry sliding contact conditions without the need of modifying the substrate surface.
The study of PDA/PTFE coatings has been limited to thin PTFE films of 500-1300 nm
thickness [13-23] in dry sliding contact conditions with an ultrathin (40-50 nm) PDA underlayer.
The tribological properties were evaluated in terms of COF and durability. The effect of the
sintering temperature and time on the structure and tribological behavior of the PDA/PTFE coating
has also been studied [14]. The mechanical properties of the PDA/PTFE thin films were studied
by using the nanoindentation technique [21]. To further increase the durability of the PDA/PTFE
coating, different NPs (graphite, Ag, Au, Cu, and PDA coated Cu) were added in the PTFE layer
of the PDA/PTFE coating [16-23]. The exact effect of these NPs on the nanomechanical properties
of nanocomposite PDA/PTFE coatings, however, is still unknown. It was hypothesized that, at
certain load conditions, there would be an optimal thickness at which the coating will show a
pronounced increase in wear life due to the soft coating increasing the contact area and thus
reducing the contact pressure.
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Thick PTFE coatings have a wide range of applications in the bearing, cookware, and
insulation for different electric machinery [24-29]. They have been used for fabricating polymeric
bearings due to their self-lubricity, low COF, and chemical stability [24-26]. Batzar et al. [28] used
an alumina primer to adhere to a PTFE coating to a metal substrate to fabricate non-stick cookware.
The researchers claimed that the desired thickness for this type of non-stick heat resistant coating
is 32.5-45 µm. Woelki et al. [25] applied a 3-layer coating with a PTFE top layer of 50-100 µm
thicknesses, depending on the loading condition and creep resistance needed for the desired journal
bearings. Yagihashi et al. [29] found that an 80 µm-thick, porous PTFE tape with a non-porous
PEEK coating on both sides of the tape can be used as an insulation tape in different electrical
machinery. The thickness of the PEEK coating was 7 µm and was fabricated via melt extrusion.
The porous PTFE coating was fabricated using a rolling process. PTFE coatings with various
thicknesses have been investigated for many industrial applications, especially in roller bearings,
air compressors, and cookware. However, the effect of the PTFE thickness on the tribological
behavior of the PDA/PTFE coating has yet to be studied.
There are various methods in which the PTFE topcoat can be applied, such as melt
extrusion [24-25], spray coating [29], and dip coating [13-23]. It is observed from the literature
that the thickness of the PTFE coating played an important role in determining the wear resistance
and application of the desired PTFE coating system. The coating thickness can vary from five to a
few hundred microns, depending on the specific application. For this research, the thickness of the
PTFE topcoat was varied from 3-45 µm. In addition to the tribology of the PDA/PTFE coatings,
how the addition of PDA affects the coating thickness of the PTFE coating during fabrication also
studied in this dissertation.
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1.2.2 Tribological Properties of PTFE Composites
Much work has been carried out to improve the mechanical and tribological performance
of bulk PTFE [30-48]. One popular method to improve the wear properties of PTFE is to introduce
different filler materials in the PTFE matrix to form composite materials [30-39, 46]. Carbonbased nanofillers (graphite, diamond, carbon nanotubes (CNT)) and glass fibers have been used
extensively to improve the wear and mechanical properties of PTFE composite materials [36-38].
Ceramic (SiO2, ZrO2, Al2O3) and Copper NPs powder have been used to enhance the wear
properties of the PTFE matrix [30-37]. It was evident from the literature review that even a small
percentage of the filler material can dramatically change the mechanical and tribological properties
of the PTFE nanocomposite.
The size of the filler materials also plays an important role in determining the wear
properties of the PTFE composites [32]. It was observed from the literature that PTFE composites
with nanometer-sized alumina particles performed better tribologically than those with micronsized alumina particles [32]. The composite contained NPs showed a more consistent tribological
behavior due to the better dispersion of the NPs in the polymer matrix compared to the composite
that contained micron-sized fillers.
It is important to note that most of the studies on PTFE nanocomposites have been
performed on bulk PTFE. There are very few PTFE nanocomposites that have been tested for thin
or thick PTFE coatings [13-23, 34, 48-54]. Rossi et al. [34] demonstrated that the addition of PTFE
in the Ni-PTFE coating improved the wear properties of the coating due to the inherent selflubricity of the PTFE and the toughness of Ni inner coating. Beckford et al. [16,19] found that a
small percentage of graphite and Cu particles in the PTFE top layer of the PDA/PTFE coating can
improve the durability of the PDA/PTFE+Cu and PDA/PTFE+graphite coating. Beckford et al.
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used 0.01wt% Cu NPs in the PTFE layer to enhance the longevity of the PDA/PTFE thin films by
two-fold [19]. The addition of these NPs has improved the mechanical properties, spread the films,
and enhanced the transfer film formation during wear tests, thus leading to better durability of the
coatings [16-19]. The NPs show an anchoring property to the substrate, which also helps to
improve the adhesion between the coating and the substrate hence the improved durability [22].
It is well established from the literature that the addition of a small percentage of filler in
the PTFE matrix can improve the tribological performance of the PTFE composite coatings. In
this research, Cu NPs will be added to the PDA+PTFE coating to investigate the effect of the NPs
on the nanomechanical and tribological behavior of thick PDA+PTFE+NP coatings.

1.2.3 PTFE Compaction
The studies by Beckford et al. [13,16-17] showed that thin PTFE coatings have porous
structures. It is hypothesized that compacting the porous coatings might provide a better wear
property for the PDA/PTFE coatings. Different compacting methods can be used to compact a
polymer composite system. Cold compression [55-60], spark plasma compacting [61], roll
compacting [72], and hot compression [62-71] have been used to achieve a compacted polymer
composite system. Among them, hot compression is the most popular and widespread method to
compact different nanocomposites. In hot compression, the composite system is heated up to the
melting point of the polymer matrix, and pressure is applied simultaneously to compact the
composite [62-65], whereas, in cold compression, the only pressure is applied without heating
[55]. Hot compression is more efficient than cold compression to achieve a non-porous compacted
surface. It is important to optimize the compacting time and pressure during hot compression to
prevent the occurrence of creep and deformation [75]. It was observed from the literature that the
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hot isostatic and hot hydraulic pressing helped to fabricate a denser PTFE composite in bulk form
compared to the cold compression [70, 75]. PTFE coating fabricated by different melt extrusion
procedures showed a lower porosity than other fabrication procedures [72-75]. In this research, a
hot press was used to compact the PDA+PTFE coatings.

1.2.4 PTFE in Oil-lubricated Condition
PTFE coatings have been mostly studied in dry conditions. Although bulk PTFE has been
studied in oil-lubricated conditions, not much progress has been made in the tribology of oillubricated PTFE coatings. Bulk PTFE and PTFE with different filler materials such as metal
powder [76], the polymer [77], fiber and whisker [78], rare earth materials [79], metal sulfides and
graphite [80], and lead [81] have been studied under different oil-lubricated conditions. Zhang et
al. [81] found that the addition of Pb3O4 reduces the wear and COF of the PTFE+ Pb3O4 composites
under liquid paraffin lubricant. They also found that graphite and metal sulfide-filled PTFE
showed a reduction in both wear and COF under liquid paraffin lubricant [80]. Jia et al. [77] found
that the addition of polyphenylene sulfide (PPS) and polyamide (PA) 66 into the PTFE matrix
reduced the wear and COF under oil-lubricated conditions. Solid lubricant coatings such as Al2O3,
PTFE, and MoS2 are important because of their inherently low COF and the ability to reduce the
COF and wear when used as a particle reinforcement in different composites. Liew et al. [82]
found that both the COF and wear rate of Al2O3, Ni-P-PTFE, and MoS2 coatings on aluminum
alloy were reduced when tested under oil-lubricated conditions compared to under dry conditions.
They observed that the self-lubricating properties of the filler materials helped to improve the wear
performance of the PTFE composites.
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It was observed from the literature [76-90] that the COF of PTFE was reduced when tested
in oil compared to dry conditions. The wear properties of the PTFE also improved one order of
magnitude or more when tested in oil-lubricated conditions compared to the dry conditions [7680]. The addition of different particles in the PTFE matrix reduced the COF and improved the
wear resistance of the PTFE composite compared to pristine PTFE. Although the PTFE composite
showed better tribological properties in the oil-lubricated condition than in the dry condition, the
tribological behavior of the PTFE coatings in the oil-lubricated condition is still not understood.
Currently, all studies of the PDA/PTFE thin films have been carried out in dry sliding conditions,
yielding the tribological performances of the PDA/PTFE and PDA+PTFE nanocomposite coatings
in oil-lubricated conditions yet to be elucidated by the scientific community. Furthermore, how
the addition of the NPs in the PTFE matrix impacts the wear behavior of the PTFE composite
coatings needs to be understood.
It can be seen from the literature that to improve the wear properties of bulk PTFE
composite in both dry and oil-lubricated conditions, different NPs have been added to improve the
wear properties of the PTFE coatings. In this dissertation, Cu NPs were used in the PDA+PTFE
matrix to investigate the effect of Cu NPs on the nanomechanical and tribological performance of
PDA+PTFE coating in boundary oil-lubricated conditions.

1.2.5 Studying of the Nanomechanical Properties of Polymer Nanocomposites by PeakForce
Quantitative Nanomechanical (PFQNM)
Nanomechanical properties such as adhesion, modulus of elasticity, and hardness play an
important role in determining the tribological behavior of polymer nanocomposites. There are
different methods of determining the nanomechanical properties of a polymer nanocomposite.

9

Recently, the PFQNM method by AFM has been used to determine the elastic modulus and
adhesion of different materials [91-113]. In the PFQNM method, the AFM is used to image the
surface topography and generate the nanomechanical property map of the nanocomposites. Abd et
al. [112] measured the adhesion of bituminous binders using AFM and pull-off tests and found
that the adhesion values obtained from both the test methods were very close. PFQNM by AFM
has an advantage over the pull-off tests in that it can show the local topography and variations in
the nanomechanical properties over the mapped area [91-93,112].
PFQNM method can be used to measure the nanomechanical properties of a wide range of
materials depending on the AFM probe used [113]. It has been extensively used to study biological
cells such as local cells [92], animal cells [93], marine diatom [94], HeLa cells [95], corneal cells
[97], and collagen fibrils [98]. Rashid et al. [101-102] studied nanomechanical properties of
asphalts using the PFQNM method. They studied the change in the nanomechanical properties
when the ground tire was added to the asphalts [101]. They also studied the reclaimed asphalts
with an incorporated binder [102]. The researchers correlated the higher performance grading
temperature of the tire/asphalts composite to the higher stiffness of the composite [101-103].
Studies of the nanomechanical properties of a polymer or polymer composite are scarce
[109-111]. Tian et al. [109] used the PFQNM to measure the nanomechanical properties of
SiO2/Rubber nanocomposites and to understand the double layer interphase and the better
mechanical performance of these composite materials. Bulk PTFE has an elastic modulus of 0.42.5 GPa and a hardness of 60-70 MPa [21, 111]. The addition of the filler particles, in general,
increased the elastic modulus of the PTFE-based composite materials [21]. Beckford et al. [16]
reported that the elastic modulus and hardness of the PTFE thin films measured by nanoindentation
are 1.6-2 GPa and 60-65 MPa, respectively. The researchers also found that the addition of graphite
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decreases the elastic modulus of the thin PTFE films [16]. For polymer coating, adhesion between
the coating and the substrate plays a very important role in the tribological properties of the coating
[13-23]. Not much work was carried out to measure the adhesion of the PTFE top surface and the
AFM probes to understand the effect of the filler materials on the adhesion properties of the PTFE
composite coating. The elastic modulus of the nanocomposite also gives an indication of how the
coating will behave under different loading conditions in tribological applications. It is important
to study the nanomechanical properties of the PDA+PTFE nanocomposite and understand the
change in the nanomechanical properties when different NPs are added to the PDA+PTFE coating.
The nanomechanical properties of the PDA+PTFE nanocomposite coating can be correlated to the
tribological properties of these coatings, which will be useful to design a polymeric coating in the
future for various applications.

1.3 Research Objectives
The goal of this research is to understand the tribological behavior of thick PDA+PTFE
nanocomposite coatings and their nanomechanical properties by a combination of tribological
study, thorough characterization, and PFQNM. At the end of this study, a correlation among the
nanomechanical properties, chemical bonding, and tribological behavior of the thick
PDA+PTFE+NP coatings in oil-lubricated conditions is established, which will guide the future
design of the PDA+PTFE nanocomposite coatings for different applications. The scopes of this
research are shown in Figure 1.3.
The specific objectives of this dissertation are to investigate
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1. how the PTFE coating thickness affects the tribological behavior of thick PDA/PTFE
coatings in dry conditions, and to determine an optimum coating thickness for the
remaining study,
2. how PDA affects the tribological behavior of PTFE coating when PDA is added as a
constituent. How the tribological property of the PDA+PTFE coating changes when
the porosity of the coating is reduced by hot compaction,
3. what is the wear mechanism of PTFE coating in oil-lubricated conditions, how the
addition of PDA affects the tribological properties of PTFE coating in oil-lubricated
condition, and how the nanomechanical and tribological properties of the PDA+PTFE
coating is related to each other,
4. what are the effect of Cu NPs in the PDA+PTFE+ Cu NP coatings on the coating
nanomechanical properties, and how the changes in nanomechanical properties affect
the tribological performance of PDA+PTFE+Cu NPs coating in oil-lubricated
conditions.

Fig 1.3: Schematic diagram of the different types of coating fabricated, (a) PDA/PTFE
thick coating on SS substrate, (b) PDA+PTFE composite coating on cast iron substrate,
and (c) PDA+PTFE+PP coatings on cast iron substrate.
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Fig 1.4: Instruments used to characterize the PDA/PTFE and PDA+PTFE coatings. (a)
keyence optical microscopy, (b) AFM, (c) SEM, (d) UMT-2, and (e) nanoindenter.

1.4 Coating Characterization Instruments
The thickness of the coatings was measured using a stylus profilometer (Dektak 150,
Bruker, USA). The topography of the coating surfaces was investigated by means of 3D laser
scanning microscopy (VK X260K, Keyence Corporation, USA) (Figure 1.4 (a)), AFM (Dimension
Icon, Bruker, USA) (Figure 1.4 (b)), and scanning electron microscopy (SEM) (XL-30,
Phillips/FEI, Hillsboro, OR, USA) (Figure 1.4 (c)). A hot press was used to perform hot
compaction. The optimized coating thickness from the thickness and compaction study was used
for further studying the coatings. The PDA+PTFE coating was spray-coated using an in-house
apparatus. The tribological performance was studied using a single 10N load in a ball-on-disc
configuration using a universal mechanical tester (UMT-2, Bruker, USA) (Figure 1.4 (d)). X-ray
13

photoelectron spectroscopy was performed on the coatings to study the bonding structure of the
coatings (XPS; PHI 5000 VersaProbe, ULVAC-PHI, Kanagawa, Japan). The PFQNM module of
the AFM and nanoindentation (TI-900, Hysitron, USA) (Figure 1.4 (e)) were used to measure the
nanomechanical properties (adhesion and elastic modulus) of the nanocomposite coating. The
hardness of the coatings was measured using a nanoindenter. The nanomechanical properties of
different nanocomposite coatings are correlated to their tribological behavior in oil-lubricated
conditions.
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Chapter 2
The Effects of PTFE Thickness on the Tribological Behavior of Thick PDA/PTFE Coatings

2.1 Abstract
In this study, the effects of polytetrafluoroethylene (PTFE) thickness on the wear and
friction properties of spin-coated PTFE and polydopamine (PDA)/PTFE coatings on stainless-steel
(SS) substrates were investigated. The PTFE coating thickness was varied by controlling the
number of PTFE spin-coating deposition cycles. The PDA/PTFE coatings showed 1.4 to 4.9 times
the wear life of that of the PTFE coating deposited at the same number of PTFE spin-coating
cycles. The coefficients of friction and water contact angles of the PDA/PTFE coatings were found
to be slightly higher than those of the PTFE coatings due to higher surface roughness. The addition
of PDA underlayer helped the PTFE to adhere more strongly to the SS substrate, which contributed
to the coatings’ improved durability. The durability of the PDA/PTFE coating increased sharply
when the PTFE thickness exceeded 30 µm. Notably, a 42 µm-thick PDA/PTFE coating had 105
times the wear life of that of a 3 µm-thick PTFE coating. The enhanced transfer film on the
counterface and the larger contact area for supporting the load were responsible for the extended
durability of the thicker coatings.
Keywords: PTFE, coating thickness, durability, roughness, coefficient of friction.
2.2 Introduction
Polytetrafluoroethylene (PTFE) is an alluring polymer for industrial applications due to its
self-lubrication properties, low coefficient of friction (COF), and thermal and chemical stability
[1-2]. PTFE is also a popular non-stick material used for various coating applications. However,
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PTFE’s adhesion to metallic substrates is very poor, which causes delamination and premature
failure of PTFE coatings.
There has been much work reported in the literature to increase the adhesion between
metallic substrates and PTFE coatings. Two popular ways of doing this are roughening the surface
with different polishing methods and using an acrylic primer coating on the metallic substrate [37]. Other research seeks to enhance the tribological properties of PTFE by incorporating different
nanomaterials into the PTFE matrix in order to increase the mechanical strength of both bulk PTFE
and PTFE coatings [8-12,15,16].
Inspired by Lee et al.’s discovery of the adhesive property of polydopamine (PDA) [13],
Beckford et al. [14-16] used a thin underlayer of PDA to enhance the tribological performance of
thin PTFE coatings. The two main building blocks of PDA are the DOPA (‘3, 4 dihydroxy-Lphenylalanine’) and ‘lysine peptides’ [13]. The amine group of lysine peptides along with DOPA
provides many sites for adhesion between the substrate and PTFE coating. Beckford et al. [14-16]
reported that a 40 nm-thick PDA layer deposited over a stainless-steel (SS) substrate improved the
wear performance of PDA/PTFE coatings 500-fold without sacrificing the low COF of the PTFE
coatings. The PDA/PTFE coatings wore very fast initially, but the interface between the PDA and
PTFE was able to sustain most of the rubbing cycles. They concluded that the PDA underlayer is
responsible for the increased adhesion between the SS substrate and the PTFE top layer, thereby
the enhanced wear resistance of PDA/PTFE thin coatings. Beckford et al. compared the thin
PDA/PTFE coating against a commercial low friction, high durability coating and found that the
COF of the thin PDA/PTFE coating was 43% lower than that of the commercial coating [17]. More
importantly, the thin (1.3 µm) PDA/PTFE coating demonstrated twice the wear life with only 5%
of the thickness of the commercial coating (25 µm) [17]. Even though the PDA underlayer can

25

dramatically improve the wear performance of the PTFE coating, the thickness of the coating was
limited to 0.5-1.3 µm and a more lenient loading condition (0.5 N) was used. Thicker PTFE
coatings are expected to further improve the wear life of the PDA/PTFE coatings, but they have
not been systematically investigated.
Thick PTFE coatings have many applications in commercial bearings [18-20], refrigerator
compressors [21], and cookware [22]. Doll et al. [18] applied a three-layered PTFE coating to a
rolling-element bearing for better self-lubricity. They found that a 5 µm-thick PTFE topcoat along
with a 1 µm-thick amorphous carbon coating underneath can improve the self-lubricity of the
rolling element bearing, even in the presence of abrasive third-body wear caused by the silver wear
debris in the roller bearing. Woelki et al. [19] applied a 3-layer coating with a PTFE top-layer of
50-100 µm thicknesses, depending on the loading condition and creep resistance needed for the
desired journal bearings. They found that the PTFE top-layer creates a self-lubricating bearing
system with a better load-bearing capacity than that of the leading competitors. E. E. Nunez et al.
[21] found that both 20 - 40 µm-thick PEEK and PTFE blend, and PTFE and MoS2 composite
coatings showed better wear resistance and lower friction than pristine PTFE coating in refrigerator
compressors undergoing starved lubrication condition. K. Batzar et al. [22] used an alumina primer
to better adhere a PTFE coating to a metal substrate to fabricate non-stick cookware. The
researchers found that the desired thickness for this type of non-stick heat-resistant coating was
32.5 - 45 µm. The porous PTFE coating was fabricated using a rolling process. Lastly, thick PTFE
coatings have also been used to protect carbon steel from corrosion [23].
The thicknesses of the PTFE topcoat played an important role in imparting self-lubricity in
different PTFE coating applications. The desired thickness for the thick PTFE coating varied from
five micrometers to several hundred micrometers depending on the applications. The wide range
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of applications for thick PTFE coatings provides salient support for finding the thickness at which
the tribological performance of the PDA/PTFE coating is maximized.
In this study, the effects of the PTFE topcoat thickness and the PDA underlayer on the
tribological behavior of thick PDA/PTFE coating (3-42 µm) are reported. The surface topography,
water contact angle (WCA), COF, durability, and wear mechanisms of the coating were
investigated to characterize the thick PDA/PTFE coatings.

2.3 Methodology
2.3.1 Sample Preparation
Mirror-finished 0.762 mm-thick 316 SS sheets cut into 1.25”-diameter round samples were
used as the substrate. The average roughness Ra of the SS substrate, measured over a 5000 µm2
area using an optical microscope, was 26 ± 2 nm. The SS substrates were first cleaned using
deionized (DI) water for 10 minutes, then soaked in an acetone bath for 15 minutes. After acetone
cleaning, the SS samples were further cleaned in isopropanol alcohol (IPA) for 10 minutes in an
ultrasonic bath and then rinsed with DI water. The SS substrates were finally dried by blowing
nitrogen gas. The PDA underlayer deposition for the PDA/PTFE coating was achieved by a
rocking shaker method [24]. Briefly, the SS samples were submerged in a container placed on a
rocking shaker at 60°C and 25 Hz rocking frequency. The container has 700 mL of water solution
with 0.848 g of Trizma base and 1.4 g of dopamine hydrochloride. The pH of the solution was
maintained at ~8.5 for the entire duration of the PDA deposition process. After 45 minutes, the
substrates were removed from the rocking shaker and washed in DI water before drying them using
nitrogen gas. The substrates were then coated with PTFE using a standard spin coating process at
a speed of 600-rpm for 30 seconds. As received DISP 30 PTFE dispersion containing 60 wt.% of
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PTFE particles was used to coat eight sets of samples with 8 different thicknesses by varying the
number of PTFE spin coating deposition cycles. After each PTFE spin-coating cycle, the samples
were heat treated at 120°C for 3 minutes to remove the water and then at 270°C for 4 minutes to
remove the surfactant from the aqueous dispersion. The coatings were then annealed at 372°C for
4 minutes to sinter the PTFE particles. Eight sets of PTFE control samples with the same PTFE
spin-coating deposition cycles on SS were also fabricated.

2.3.2 Coating Characterization
The thicknesses of the coatings were measured using a stylus profilometer with a diamond
tip of 12.5 µm-radius over a 9000 µm-length at a speed of 300 µm/second. A copper bar was first
used to remove part of the PTFE coating to expose the SS substrate (Copper is softer than SS and
did not wear into the SS substrate). The PTFE thickness was then determined from the height
difference between the exposed SS substrate and the top of the PTFE coating from the stylus
profilometry measurement. An atomic force microscope (AFM) was used to evaluate the surface
topography and roughness of each sample. The water contact angle was measured using a water
contact angle goniometer.
Nanoindentation tests were performed to measure the elastic modulus and the hardness of
both PTFE and PDA/PTFE coatings. The indents were made using a spheroconical diamond probe
with a 1-µm tip radius and a 60° cone angle. The indentation load was 50 µN and the loading and
unloading rates were 10 µN/s with a 5-second holding time. The maximum indentation depths
were controlled at 200-300 nm, which were less than 30% of the coating thickness to avoid the
effects of the substrate. Each coating was indented 5 times and the average and standard deviation
values of modulus of elasticity and hardness were determined.
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2.3.3 Tribological Study
To evaluate the tribological properties of thick PDA/PTFE coatings on SS, samples with 8
different PDA/PTFE coating thicknesses, ranging from 3 µm to 42 µm, were tested using a
tribometer. PTFE coatings were also tested for comparison against PDA/PTFE coatings of similar
thickness. Linear reciprocating wear tests were performed with an applied normal load of 10 N, a
stroke length of 5 mm, and a sliding speed of 10 mm/s with a 0.1-second delay between each
testing cycle. The wear tests were performed in a ball-on-disc configuration (Figure 2.1).

Fig. 2.1 The schematic of the PDA/PTFE coating tribological test setup.

A chrome steel ball with 6.35 mm diameter was used as the counterface surface after
thorough cleaning. Test was programmed to stop once the friction force surpassed 3.0 N, before
which point a sharp increase in COF was always observed, indicating a coating failure. To
determine coating durability, three sets of tests were performed at every coating thickness. To
study the coating adhesion to substrate, scratch tests were performed by linearly varying the load
from 0.5 to 18 N over a 100-s time span at 0.1 mm/s speed. Again, chrome steel balls of 6.35 mm
diameter were used as the counterface for the scratch tests. The scratch length was 10 mm for all

29

the scratch tests performed. The wear track and the chrome steel counterface used for tribological
and scratch tests were evaluated using a 3D laser scanning confocal microscope.
To estimate contact pressure, PDA/PTFE coatings with 8 different thicknesses were
tribologically tested for 100 cycles (below the number of cycles needed to cause failure of the thin
PTFE and PDA/PTFE coatings) using the same test routine for durability testing. The area
deformed under this loading condition was measured using a confocal 3D laser scanning confocal
microscope. Since the coating was permanently deformed under the applied normal load, the
average contact pressure between the PDA/PTFE coating and chrome steel ball was estimated by
dividing the normal load of 10 N by the measured plastically deformed area.

2.4 Results and Discussion
2.4.1 Coating Thickness and Topography
Table 2.1 shows all samples fabricated in this study along with the measured coating
thickness and surface roughness. The thickness of the PDA underlayer was 45-50 nm. Figure 2.2
shows the PTFE coating thickness as a function of the PTFE spin-coating deposition cycles. It
can be observed that the thicknesses of the PTFE and PDA/PTFE coatings increased linearly with
the PTFE deposition cycles. At the same number of PTFE deposition cycles, the PDA/PTFE
coating had a higher coating thickness compare to the PTFE coating.
AFM images of the PTFE and PDA/PTFE coatings deposited for 1 and 8 spin coating
cycles are shown in Figure 2.3. It can be seen that both PTFE and PDA/PTFE coatings have a
needle-like structure. Both the PDA/PTFE coatings deposited at 1 (3 µm) and 8 (42 µm) cycles
have a rougher surface topography than the PTFE coatings deposited at the same number of cycles.
The AFM image of the PDA underlayer (not shown here) showed some PDA aggregates, which
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were responsible for the observed large waviness of the PDA/PTFE coating after the first cycle of
PTFE deposition. The average roughness (Ra) and the skewness of the PDA underlayer were 32.2
± 2.1 nm and 3.43 ± 0.22, respectively. The positive skewness number of the PDA underlayer
indicate that the PDA coating was peak dominated.

Table 2.1. Coating thickness and surface roughness of the samples
Sample Name

PTFE
deposition cycle

Coating thickness and
standard deviation (µm)

Average roughness, Ra, and
standard deviation (nm)

PTFE -1

1

3.0±0.2

14.6±2.1

PTFE -2

2

7.5±0.8

19.8±1.2

PTFE -3

3

12.8±0.9

19.8±1.4

PTFE -4

4

18.3±1.3

19.9±1.7

PTFE -5

5

22.1±1.6

20.7±2.2

PTFE -6

6

27.4±0.7

21.2±1.9

PTFE -7

7

31.2±1.5

28.2±3.4

PTFE -8

8

36.3±2.2

36.4±3.8

PDA/PTFE -1

1

3.0±0.3

39.2±3.4

PDA/PTFE -2

2

10.5±1.2

66.3±2.8

PDA/PTFE -3

3

15.7±0.9

63.4±3.5

PDA/PTFE -4

4

22.3±1.8

68.8±2.9

PDA/PTFE -5

5

28.2±1.1

67.2±3.9

PDA/PTFE -6

6

34.2±1.4

71.2±4.2

PDA/PTFE -7

7

38.6±1.5

69.8±3.8

PDA/PTFE -8

8

42.2±2.8

67.4±4.5
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Figure 2.4 shows the average roughness, Ra, root mean square roughness, Rq, and
skewness of the PTFE and PDA/PTFE coatings deposited at different numbers of cycles. It was
observed from Figures 2.4(a) and (b) that, in general, the roughness of the PTFE coating increased
gradually as a function of the PTFE coating deposition cycle. However, for PDA/PTFE coatings,
the roughness of the coating increased sharply after the first PTFE deposition cycle. After which,
the roughness remained somewhat similar after each deposition cycles.

Fig. 2.2 Coating thickness as a function of the PTFE spin coating deposition cycles for
the PTFE and PDA/PTFE coatings.
It was also observed that the PDA/PTFE coating had a much higher roughness than the
PTFE coatings after all deposition cycles. The average roughness of the PTFE coating was 14.67
nm and 36.42 nm for coatings deposited at 1 (3 µm) and 8 (42 µm) cycles, respectively, whereas
the average roughness of the PDA/PTFE coatings was 39.2 nm and 67.49 nm, respectively. From
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Figures 2.4(a) and 4(b), it can be concluded that the addition of PDA had a large impact on the
roughness of the PDA/PTFE coating. The higher adhesion of the PDA underlayer was responsible
for rougher PDA/PTFE coating compared to the PTFE coating at the 1st cycle (3 µm) of PTFE
deposition. From Figure 2.4(c), it can be seen that the skewness values of the PTFE coatings were
negative up to 6 cycles (27 µm) of the PTFE deposition, whereas the skewness values of the
PDA/PTFE coatings were all positive. The negative skewness values indicate that the PTFE
coatings were mostly valley-dominant, but the PDA/PTFE coatings were peak-dominant.

Fig. 2.3 AFM topography images of (a) PTFE and (b) PDA/PTFE coatings
deposited at 1 spin-coating cycle, and (c) PTFE and (d) PDA/PTFE coatings
deposited at 8 spin-coating cycle.
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Fig. 2.4 The roughness of the PTFE and PDA/PTFE coatings for different
deposition cycles: (a) The average roughness, Ra, (b) root mean square
roughness, Rq, and (c) the skewness, Rsk.
.
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Fig. 2.5 The COFs of the PTFE and PDA/PTFE coatings: (a) average COF at different
deposition cycles, (b) the COF profile during the test period for the PTFE and
PDA/PTFE coatings deposited at 1 and 4 cycles, and (c) the COF profile during the test
period for the PTFE and PDA/PTFE coatings deposited at 8 cycles.
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It was also observed that the skewness number of the PDA/PTFE coatings increased with
the deposition cycles. The increasing number of brighter, high spots in the AFM images of the
PDA/PTFE coatings in Figure 2.3(d) compared to 2.3(b) also support this conclusion. From
Figures 2.2-2.4, it can be concluded that higher roughness helped to attain a thicker coating with
subsequent PTFE deposition cycles.
The average roughness of the coatings also had an impact on the COF of the coatings.
Figure 2.5(a) shows the average COF of PTFE and PDA/PTFE coatings deposited at different
numbers of cycles, measured from the entire tests excluding the data points where an abrupt
increase in the COF was observed. It can be seen that as the number of deposition cycles increased,
the average COF of the coating also increased slightly for the PDA/PTFE coating, while the
average COF of the PTFE coatings is more or less the same up to 6 cycles (34 µm). Figure 2.5(a)
also shows that PDA/PTFE coatings have higher COFs than PTFE coatings due to the higher
surface roughness as shown in Table 2.1 and Figure 2.4. Figure 2.5(b)and 2.5(c) shows the COF
of the PTFE and PDA/PTFE coatings over the testing time span before the coating failure. It was
observed that the COF increased gradually over time for all coatings before a sharp increase at the
end of the testing, indicating coating failure.

2.4.2 Water Contact Angle
The WCAs and water droplet images on the PTFE and PDA/PTFE coatings deposited at 1
and 8 cycles are shown in Figure 2.6. It can be seen that both the PTFE and the PDA/PTFE coatings
demonstrated hydrophobic behavior. The 1- and 8-cycle PTFE coatings showed very similar
hydrophobicity with WCAs of 109.8º and 108.7º, respectively. The PDA/PTFE showed slightly
higher hydrophobic behavior than the PTFE coating with WCAs of 112.0º and 118.2º for the 136

and 8-cycle coatings, respectively. According to Wenzel’s model [25], a higher surface roughness
will lead to a higher water contact angle of a hydrophobic surface. Although both the PTFE and
the PDA/PTFE coating have similar needle-like structures, the higher surface roughness of the
PDA/PTFE coatings resulted in higher water contact angles than the PTFE coatings.

Fig. 2.6 Water contact angle images of the (a) PTFE coating deposited at 1 cycle,
(b) PTFE coating deposited at 8 cycles, (c) PDA/PTFE coating deposited at 1
cycle, (d) PDA/PTFE coating deposited at 8 cycles, and (e) the comparison of
WCAs of the PTFE and PDA/PTFE coatings deposited at 1 and 8 cycles.
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2.4.3 Mechanical Properties
The hardness and modulus of elasticity of the coatings measured from the nanoindentation
tests are plotted in Figure 2.7. Each value represents the average of 5 indents. The average hardness
for the 1-cycle PTFE (3 µm), 8-cycle PTFE (36 µm), 1-cycle PDA/PTFE (3 µm), and 8-cycle
PDA/PTFE (42 µm) coatings were 75.1, 60.2, 65.3, and 69.1 MPa, respectively. The average
modulus of elasticity of the 1-cycle PTFE (3 µm), 8-cycle PTFE (36 µm), 1-cycle PDA/PTFE (3
µm), and 8-cycle PDA/PTFE (42 µm) coatings was 0.94, 0.75, 0.77, and 0.76 GPa, respectively.

Fig. 2.7 Comparison of the hardness and modulus of elasticity of PTFE and
PDA/PTFE coatings at 1 and 8 deposition cycles.
The marginally higher hardness and elastic modulus for the 1-cycle PTFE (3 µm) coating
was most likely due to the larger contact area that resulted from its lower surface roughness.
However, there was no substantial difference in these values among the 8-cycle PTFE (36 µm)
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and 1(3 µm)- and 8 (42 µm)-cycle PDA/PTFE coatings. Furthermore, the inclusion of the PDA
adhesive underlayer did not create a noticeable trend in this data.

Fig. 2.8 Comparisons of (a) the durability of the PTFE and PDA/PTFE
coatings and (b) the durability ratio of the PDA/PTFE and the PTFE coatings
at different deposition cycles.
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2.4.4 Durability
The durability comparison between the PTFE and PDA/PTFE coatings at different coating
deposition cycles is given in Figure 2.8(a). It was observed that the PDA/PTFE coatings show
higher durability than the PTFE coatings at all deposition cycles. The PDA/PTFE coating
deposited at 8 cycles (42 µm) lasted 9,400 cycles before failure, whereas the PTFE coating at the
same number of deposition cycles lasted only about 2,300 cycles. Figure 2.8(b) shows how the
durability of the PDA/PTFE coatings compared to PTFE coatings at the same number of deposition
cycles. The PDA/PTFE coatings performed 1.4 - 4.9 times better than the PTFE coatings,
depending on the number of deposition cycles and the thickness of the coatings. Notably, the
highest durability gain is at the thinnest and the thickest coatings, at 4.9 and 4.1 times, respectively.
For the thinnest coating, the addition of the PDA underlayer helped to make the PDA/PTFE coating
more durable because the PDA provides strong adhesion to both the PTFE and the substrate. For
the thickest coating, the reason is different and will be analyzed later with the wear track data.
Interestingly, the PTFE film durability remained relatively constant for 1-5 (3-22 µm)
deposition cycles. After 6 PTFE deposition cycles (27 µm), the durability showed clear
improvement from 268 to 883 cycles. The PTFE coating durability increased sharply to 2,144 and
2,300 cycles, respectively, at 7 (31 µm) and 8 (36 µm) deposition cycles. Similar to the PTFE
coating, the PDA/PTFE coating showed similar durability up to 5 (28 µm) PTFE deposition cycles.
Starting at 6 PTFE deposition cycles (34 µm), the PDA/PTFE coating showed significantly
enhanced durability. For the PDA/PTFE coating, the durability improvement is more pronounced
at 7 (38 µm) and 8 (42 µm) deposition cycles, with improvements from 1,207 to 4,360 cycles and
from 4,360 to 9,400 cycles, respectively. From Figure 2.8(a) and Table 2.1, it can be seen that only
the coatings thicker than about 30 µm had a significant impact on the durability of the coatings.
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This could be attributed to the rapid reduction in contact pressure when the thickness of the coating
was increased over 30 µm.

Fig. 2.9 Optical microscopy of the wear track of the PDA/PTFE coating deposited at (a) 5
and (b) 8 deposition cycles (27 µm and 42 µm thick) after tribological testing for 100
cycles, (c) wear profiles of the PDA/PTFE coating deposited at 5 and 8 deposition cycles
after tribological testing for 100 cycles, and (c) the estimated contact pressure at the
interface as a function of the coating deposition cycle.

Figure 2.9(a) and 2.9(b) show the wear tracks of the PDA/PTFE coatings deposited at 5
and 8 cycles, respectively (with thicknesses of 27 µm and 42 µm, respectively), after tribological
testing under 10 N normal load for 100 cycles. It can be seen that the 27-µm PDA/PTFE coating
was almost worn out from global delamination, which was evident by the large pileups at the two
sides and two ends of the wear track (Figures 2.9(a) and (c)). However, the 42-µm PDA/PTFE
coating did not experience this global delamination and still showed a smooth wear track that
indicated a more gradual wear (Figures 2.9(b) and (c)).
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Fig. 2.10 Optical microscopy images of the wear tracks of the thin and thick PTFE
and PDA/PTFE coatings corresponding to the test in Figure 5b: (a-d) Low
magnification images of the full wear track, (e-h) higher magnification images of
each wear track center, and (i-l) the optical microscopy images of the counterface
surfaces after failure for the thin and thick PTFE and PDA/PTFE coatings.

Figure 2.9(d) shows the estimated average contact pressures calculated by dividing the
applied normal load by the approximate contact area between the coating and the counterface ball,
assuming the contact area is circular with a diameter that is the same as the wear track width after
the 100-cycle tribological testing. The two ends of the wear track can be fitted perfectly with a
circle, indicating the contact area was indeed circular. It was observed from figure 2.9(d) that the
contact pressure decreased when the coating deposition cycle (or thickness) increased for both the
PTFE and the PDA/PTFE coatings. The contact pressure of the PDA/PTFE coating deposited at 5
cycles (27 µm thick) was around 34.80 MPa, while the contact pressure of the PDA/PTFE coating
deposited at 6 cycles (34 µm) showed a remarkable decrease down to 18.76 MPa. For thicknesses
larger than 34 µm, the contact pressure remained more or less constant, between 18-19 MPa.
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Similarly, for the PTFE coating, a rapid decrease in contact pressure was observed after the 7th (31
µm) and 8th (36 µm) cycle of the PTFE deposition. Therefore, the reduction in the average contact
pressure due to the increased coating thickness was responsible for the higher durability of the
thicker PDA/PTFE and PTFE coatings. However, because the PDA in the PDA/PTFE coatings
can prevent global delamination, the coating life continued to increase after the 6th (34 µm)
deposition cycle, while the PTFE coating life did not change after the 7th (31 µm) deposition cycle
(Figure 2.8(a)).
Figure 2.10 shows the optical microscopy images of the wear tracks of the thin and thick
PTFE and PDA/PTFE coatings (deposited at 1 and 8 cycles, respectively) tested at 10 N normal
load, 10 mm/s speed, and 5 mm stroke length, and their counterface images after the tribological
tests. The counterface images of the thin (3 µm) PTFE and PDA/PTFE coatings showed some
wear debris and a small amount of transfer films (Figures 2.10(i) and (j)). However, the counterface
images of the thick PTFE and PDA/PTFE coatings showed an enhanced and larger area film
formation (Figures 2.10(k) and (l)). It was also observed from the wear track images that the thin
PTFE and PDA/PTFE showed a failure caused by a line scratch (Figures 2.10(e) and (f)), whereas
the thick coating showed a failure caused by many line scratches (Figures 2.10(g) and (h)). The
enhanced transfer film helped to prevent the metal-on-metal interaction during the tribological
testing of the thick PTFE and PDA/PTFE coatings, which prevented the coating failure at an early
stage.
It was observed from the wear tracks that the deformation in PTFE coatings at all
thicknesses occurred in a much larger area than the thin PDA/PTFE coatings of similar thicknesses
(Figures 2.10(a)-(d)). The PTFE coatings also showed large area detachment from the substrate
under the current testing condition.
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Fig. 2.11 Wear tracks after scratch test of (a-d) thin and thick PTFE and
PDA/PTFE coatings, (e) COF profile of the scratch test for different
coatings, and (f-i) the counterface images after the scratch tests.
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It was hypothesized that the PDA underlayer improved the PDA/PTFE substrate adhesion
and thus provided a higher load carrying capacity. Scratch tests were performed on thin and thick
PTFE and PDA/PTFE coatings to confirm this hypothesis and further study the failure mechanisms
of the PDA/PTFE thick coatings.

2.4.5 Scratch Tests
The wear tracks of the coatings generated by scratch tests with linearly increasing normal
load and the counterface images are shown in Figure 2.11. It was observed from Figure 2.11(a)
that the thin PTFE coating was deformed at the very beginning of the scratch test. Initial wrinkling
(delamination) of the coating started when 3 N normal load was applied, whereas the PDA/PTFE
thin coating didn’t show any sign of delamination until the application of 14 N of normal load
(Figure 2.11(b)). This can also be confirmed from the COF plot of the scratch test shown in Figure
2.11(e). A sharp increase was observed in the COF profile of the thin PTFE coating at around 3 N
normal load. Whereas, tor thin PDA/PTFE coating, a peak in COF was observed at 14 N load. On
the other hand, the thick PTFE showed some sign of delamination at about 4 N normal load (Figure
2.11(c)), while the thick PDA/PTFE coating didn’t show any form of wrinkle caused by
delamination, even at the highest normal load, and the wear track was very smooth with much less
deformation (Figure 2.11(d)). The COF profile also showed consistently low values over the entire
period of scratch tests (Figure 2.11(e)).
The images of the counterfaces after scratching are shown in Figure 2.11(f)-(i). The
counterfaces of the PTFE coatings after the scratch test had a lot of transferred materials due to
the coating delamination, whereas only a small amount of transferred materials on the counterfaces
for the PDA/PTFE coatings. In summary, the scratch test results support the hypothesis that the
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PDA underlayer gives the PDA/PTFE coating a better adhesion and load bearing capacity. The
higher adhesive force between the PTFE topcoat and the PDA underlayer, which was strongly
adhered to the SS substrate, made it harder for the PDA/PTFE coating to delaminate, deform, and
tear.

2.5 Conclusions
The effects of PTFE thickness on the tribological properties of PTFE and PDA/PTFE
coatings in dry contact condition were studied. For the PTFE coating, the roughness of the coating
increased gradually with an increasing number of PTFE spin coating deposition cycles. On the
other hand, the roughness of the PDA/PTFE coating remained similar after the 2nd (10 µm) PTFE
deposition cycle. The PDA/PTFE coating had a much higher roughness than the PTFE coating in
both thin and thick coatings. The COF and WCAs of the PDA/PTFE coatings were slightly higher
than those of the PTFE coatings, which can be attributed to the higher roughness of the PDA/PTFE
coatings. The addition of PDA helped to improve the durability of the PDA/PTFE coatings
compared to the PTFE coatings in every thickness studied. The PTFE thickness did not have any
significant effect on the durability of the PDA/PTFE coatings until the coating thickness reaches
about 30 µm, over which the PDA/PTFE coating showed much enhanced durability. The 42 µmthick PDA/PTFE coating was 105 times and 4 times more durable than the 3 µm- and 36 µm-thick
PTFE coating, respectively. Also, the 42 µm-thick PDA/PTFE coating was 22 times more durable
than the 27 µm-thick PDA/PTFE coating. The formation of transfer film on the counterface and
better load carrying capacity of the thicker coating due to the larger contact area were responsible
for the better tribological properties of thicker coatings. In addition, the addition of PDA helped
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the PDA/PTFE coatings to adhere more strongly to the SS substrate than the PTFE coatings, which
also contributed to the PDA/PTFE coatings’ improved durability over the PTFE coatings.
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Chapter 3
Improving the Tribological Performances of PDA+PTFE Nanocomposite Coatings by Hot
Compaction

3.1 Abstract
The tribological performances of compacted and non-compacted polydopamine
(PDA)+polytetrafluoroethylene (PTFE) nanocomposite coatings on stainless steel (SS) substrates
were investigated. The compaction was accomplished using a combination of heat and pressure.
The non-compacted PDA+PTFE coating had an average of 11 times longer durability compared
to the pure PTFE coatings. The compaction increased the coating durability by 2.6 times while
reducing the coefficient of friction (COF). Furthermore, the compaction helped to reduce the
porosity of the PDA+PTFE coating by 63 times compared to non-compacted PDA+PTFE coating.
The higher durability and lower COF of the compacted PDA+PTFE coating can be attributed to
the reduced coating roughness and porosity, the enhanced adhesion strength to substrates, and the
higher load-carrying capacity.
Keywords: PTFE, nanocomposite, hot compaction, durability, COF.

3.2 Introduction
Polytetrafluoroethylene (PTFE) is an engineering polymer that exhibits very low
coefficients of friction (COF) and high thermal stability and chemical inertness (1). The selflubricity of PTFE makes it a desirable material for coating applications where low COF is sought
after (1). However, the use of PTFE coatings is hindered due to the low adhesion to metallic
substrates, which results in low wear resistance (2-3). Polydopamine (PDA) is a bioinspired
adhesive material currently being explored in many coating-related applications due to its ability
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to adhere firmly to a variety of surfaces (4-5). A PDA underlayer has been successfully used to
increase the adhesion between thin PTFE coatings to different substrates (6-14). Several types of
nano/micro-particles have been added to the PTFE layer of thin PDA/PTFE coatings to improve
the durability of the coatings (10-14). For example, adding 0.01 wt% of Cu nanoparticles (NPs)
improved the durability of thin PDA/PTFE coating by two times (10). Adding 1.0 wt% of graphite
particles also improved the durability of thin PDA/PTFE coating by five times (13). Recently, Ag
NPs were also incorporated in the PDA underlayer and improved the durability of thin PDA/PTFE
coating by 3.6 times (14). Adding a PDA underlayer also improved the durability of thick PTFE
coatings on stainless steel (SS) substrate by four times in aggressive wear tests (15). Even though
PDA as an underlayer has been studied extensively and shown to improve the durability of both
thin and thick PTFE coatings, PDA as a constituent of thick PTFE composite coatings has not been
reported.
Thick PTFE coatings are widely used in bearing, compressor, and cookware applications
(16-20). For example, the reported thickness for thick coatings for bearing applications varies from
five to a few hundred microns (16-20). A 20 - 30 µm thick PTFE coating can outperform the DLC
based coating in the compressor of an air conditioner (19). The thickness of the PTFE coatings
used in cookware is usually between 32.5 - 45 µm. The durability of the PDA/PTFE coating was
found to increase more pronouncedly when the thickness of the coating is 30 µm or higher because
of the reduction in contact pressure, better transfer film formation, and better load-carrying
capacity (15). However, the PDA/PTFE coatings have needle-like structures after heat treatment
(6-15). Although this needle-like structure improved the wear resistance of PDA/PTFE coatings
compared to non-heat-treated coatings (8), the structure yielded considerable porosity in the
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PDA/PTFE coatings, which is detrimental to coating wear life. We hypothesized that a hot
compression could reduce the porosity and result in extended coating wear life.
Different compacting methods can be used to compact a polymer composite system. Cold
compression (21), spark plasma compacting (22), roll compacting (23), and hot compression (2429) have been used to achieve a compacted polymer composite system. Among them, hot
compression is the most popular and widespread method to compact different nanocomposites. In
hot compression, the composite system is heated to the melting point of the polymer matrix, and
pressure is applied simultaneously to compact the composite (24-26). It is crucial to optimize the
compacting time and pressure during hot compression to prevent the occurrence of creep and
deformation (28). In this research, a hot hydraulic press was used to compact thick PDA+PTFE
coatings. The tribological performance of the compacted coatings was compared with the noncompacted coatings.

3.3 Methodology
3.3.1 Sample Preparation
Mirror-finished SS samples with 38.10 mm in diameter and 0.76 mm in thickness were
used as substrates. The average roughness, Ra, of a SS substrate, measured over an 80 µm x 80
µm scan area using a 3D laser scanning confocal microscope, was 28 ± 4 nm. The SS substrates
were cleaned using deionized (DI) water for 10 min and then soaked in acetone for 10 min in an
ultrasonic bath. After cleaning in acetone, the samples were further cleaned in isopropyl alcohol
(IPA) for 10 min in an ultrasonic bath. Before beginning the coating deposition process, an actively
polymerizing, proprietary mixture of dopamine hydrochloride and PTFE nanoparticle in aqueous
dispersion was prepared. The PDA+PTFE nanocomposite coating was then spray coated on the
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samples using an in-house designed and assembled spray coater. Once coated, the nanocomposite
coatings underwent a heat treatment process that cures the coatings and annealed them.
PDA+PTFE coated samples were first heated to 120°C for 5 min to evaporate water from the
aqueous dispersion, then heated to 300°C for 5 min to drive off the wetting agents, and finally
heated to 372°C for 5 min to anneal the PTFE particles onto the SS substrates. For comparison, a
set of PTFE coatings on SS substrates of equivalent thickness was fabricated using the same
procedure but using PTFE dispersion only. A pressure of 500 psi was applied for 5 min using a
hot press to fabricate the compacted PDA+PTFE nanocomposite samples during the final step of
annealing. After the last step of heating, all the PTFE, non-compacted PDA+PTFE, and compacted
PDA+PTFE coating samples were cooled in the air.

3.3.2 Coating Characterization
The thicknesses of the coatings were measured using a stylus profilometer with a diamond
tip of 12.5 µm-radius over a 12 mm-length at a speed of 400 µm/s. First, part of the coatings was
removed from the SS substrates using a Copper bar. The thicknesses of the coatings were then
obtained from the height differences between the exposed and coated areas and are reported in
Table 1. The surface roughness of the coating, defined to be the arithmetic average of the absolute
values of the surface height deviations from the mean of the evaluated surface area, was measured
using a 3D laser scanning confocal microscope over 80 µm x 80 µm scan area. Six measurements
were performed at randomly selected areas on each coating.
Scanning electron microscopy (SEM) was used to capture the surface morphology. The
percentage of porous area was calculated using ImageJ (generic version). The threshold for these
measurement was manually adjusted to cover all the porous spot.
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Table 3.1 Coating thickness, surface roughness, porosity, and fibril diameter of different
coatings.

Coating type

Coating
Thickness (µm)

Average Surface
Roughness (µm)

Coating
Porosity
(%)

PTFE

42.30 ± 4.52

6.18 ± 4.28

22.60 ± 2.12

0.20 ± 0.08

Non-compacted
PDA+PTFE

44.60 ± 3.85

4.96 ± 2.12

11.45 ± 1.45

0.26 ± 0.15

Compacted
PDA+PTFE

43.10 ± 3.15

0.12 ± 0.04

0.18 ± 0.02

N/A

Fibril
Diameter (µm)

The water contact angles of the coating surfaces were measured using a water contact angle
goniometer. A 3 µl water drop was used to measure the water contact angle between a surface and
a water droplet. Six measurements were taken on each coating.

3.3.3 Tribological Study
To evaluate the tribological properties of the PTFE, non-compacted PDA+PTFE, and
compacted PDA+PTFE coatings on the SS substrates, samples were tested using a universal
mechanical tester (tribometer) with the normal and friction load sensor resolution of 1 mN.
Tribological tests were performed using a linear reciprocating motion with an applied normal load
of 10 N, a stroke length of 5 mm, and a sliding speed of 10 mm/s with a 0.1-second delay between
each testing cycle. This provided an aggressive loading condition with a Hertzian contact pressure
of more than 1 GPa (not considering the effect of coating) for expediting the coating failure. All
wear tests were performed in a ball-on-disc configuration (Figure 3.1).
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Fig. 3.1 The schematic of the compacted PDA+PTFE coating on SS substrate and
the tribological test setup.
A chrome steel ball with a 6.35 mm diameter and 164 ± 8 nm average surface roughness
was used as the counterface surface after thorough cleaning using acetone and IPA. The ball was
first sonicated in acetone for 10 min, followed by sonicating in IPA for 10 min before being washed
in DI water. The ball was then dried using nitrogen gas. The test was programmed to stop once the
friction force surpassed 3.0 N, before which a sudden increase in COF was observed, indicating
coating failure due to contact between the counterface and the substrate. Six sets of tests were
performed on each coating to determine coating durability. The averages, along with the standard
deviation, are reported in this article. Wear progression tests were also performed on the noncompacted and compacted PDA+PTFE coatings for 1000, 2000, 4000, and 8000 cycles using the
same tribological test routine. Each test was performed independently at a different location on the
same samples, varying the number of cycles. After each test, the wear track and counterface were
evaluated.
To study the adhesion of PTFE, non-compacted PDA+PTFE, and compacted PDA+PTFE
coatings to the SS substrate, scratch tests were performed by linearly varying the normal load from
0.5 to 18 N over a 100-s period at 0.1 mm/s speed over a scratch length of 10 mm. The same type
of chrome steel balls as those used in the tribological tests were used as the counterface for the
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scratch tests. The wear track and the chrome steel counterface used for tribological and scratch
tests were evaluated using a 3D laser scanning confocal microscope.

3.4 Results and Discussion
3.4.1 Coating Thickness and Topography
The topography of spray-coated PTFE, non-compacted PDA+PTFE, and compacted
PDA+PTFE coatings were studied, and the SEM and optical microscope images are shown in
Figure 2. It can be seen in Figure 3.2(a) and (c) that both PTFE and non-compacted PDA+PTFE
coatings have a porous needle-like structure. However, the PTFE coating has thinner and straighter
fibrils than the non-compacted PDA+PTFE coating. In contrast, the compacted PDA+PTFE
coating has a smooth and compacted topography (Figure 3.2(e)). The optical microscope image
shows that PTFE and non-compacted PDA+PTFE coatings have a rough topography with a peak
and valley structure (Figure 3.2(b) and (d)), while that of the compacted PDA+PTFE coating
shows a smooth topography as a result of the hot compaction process (Figure 3.2(f)).
The average roughness, Ra, of the coatings is plotted in Figure 3.3 and is shown in Table
1, together with the coating thickness (42.30 – 44.60 µm). The PTFE coating has a Ra of 6.18 µm,
whereas that of the non-compacted PDA+PTFE coating was 4.96 µm. The addition of PDA has
reduced the porosity of the PDA coating. The Ra of the compacted PDA+PTFE coating was 0.12
µm, which is significantly lower than those of both the PTFE and the non-compacted PDA+PTFE
coatings.
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Fig. 3.2 SEM and optical topography images of the PTFE, non-compacted
PDA+PTFE, and compacted PDA+PTFE coatings. (a) SEM image of the PTFE
coating, (b) optical image of the PTFE coating, (c) SEM image of the noncompacted PDA+PTFE coating, (d) optical image of the non-compacted
PDA+PTFE coating, (e) SEM image of the compacted PDA+PTFE coating, and
(f) optical image of the compacted PDA+PTFE coating.
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Fig. 3.3 The average roughness of the PTFE, non-compacted PDA+PTFE, and
compacted PDA+PTFE coatings.

Figure 3.4 shows the porous area percentage maps of the PTFE, non-compacted
PDA+PTFE and compacted PDA+PTFE coatings measured by ImageJ. The porous areas in each
image are shown in red. It can be seen from Figure 3.4(a) and (b) that the PTFE coating surface is
more porous than the non-compacted PDA+PTFE coating. The average of three measurements of
the percentage porous area is 22.60% and 11.45% for the PTFE and non-compacted PDA+PTFE
coating, respectively.
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Fig. 3.4 Images of the porous area percentage of the PTFE, non-compacted
PDA+PTFE, and compacted PDA+PTFE coatings, where the red areas indicate
the porous areas and the remaining areas are PTFE fibrils. (a) PTFE, (b) noncompacted PDA+PTFE, and (c) compacted PDA+PTFE coatings.
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Fig. 3.5 Water droplet images and comparison of WCA among PTFE, non-compacted
PDA+PTFE, and compacted PDA+PTFE coatings. (a) PTFE, (b) non-compacted
PDA+PTFE, (c) compacted PDA/PTFE, and (d) the comparison of WCAs of the PTFE,
non-compacted PDA+PTFE, and compacted PDA+PTFE coatings.

Interestingly, the compacted PDA+PTFE coating shows only a couple of porous spots on
the surface with the percentage porous area of only 0.18%, which is significantly lower than the
PTFE and non-compacted PDA+PTFE coatings (Figure 3.4(c)). From figures 3.2-4, it can be
concluded that the hot compaction can help attain a smoother coating with less surface porosity.
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3.4.2 Water Contact Angle
Representative water droplet images on the coatings and the measured WCAs are shown
in Figure 3.5. The PTFE coating has hydrophobic behavior with an average WCA of 141º. The
addition of PDA reduced the average WCA of the non-compacted PDA+PTFE coating to 128º.
The hydrophilic nature of the PDA was responsible for the reduction of the WCA. The compacted
PDA+PTFE coating showed an average WCA of 104º, which is significantly lower than the WCA
of non-compacted PDA+PTFE and PTFE coatings. The lower WCA of the compacted PDA+PTFE
coating can be attributed to the smoother coating topography and lower roughness of the coating.

3.4.3 Tribological Properties
The coating COF changes with testing cycles are shown in Figure 3.6. A transition from a
low initial COF to a higher COF was observed on all samples, as shown in Figure 3.6(b). This was
due to the easy plowing of loose particles at the beginning of the test. As testing cycles increased,
the COF increased due to the coating was compacted from repeated rubbing, resulting in higher
interfacial shear strength between the counterface and the coating. The initial COF of noncompacted PDA+PTFE coating was 0.04, which is lower than that of COF of the PTFE coating of
0.06 (Figure 3.6(b)), and this can be attributed to the lower surface roughness of the PDA+PTFE
coatings compared to that of the PTFE coating. The sudden increase in the COF of the compacted
coating at around 7,000 cycles was due to the coating has worn to the interface between the coating
and substrate with higher interfacial shear strength. Six repeating tests were performed on three
different samples of each coating. The average COF of the coatings were measured from the entire
duration of the testing before a sharp increase in the COF was observed. The average COF and
coating durability, along with the corresponding standard deviations, are plotted in Figure 3.7.
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(a)

(b)

Fig. 3.6 COF profiles of the PTFE, non-compacted PDA+PTFE, and compacted
PDA+PTFE coatings tested in dry conditions. (a) The COF profiles for the entire
duration of the durability testing and (b) The COF profiles of the initial 500 sec of the
testing shown in (a).
It can be seen that the PTFE coating had an average COF of 0.093, while the noncompacted PDA+PTFE coating had a higher COF of 0.128 due to the addition of the adhesive
PDA. However, the compacted PDA+PTFE coating had an average COF of only 0.099, which is
22% less than the COF of the non-compacted PDA+PTFE coating. Compaction helped to reduce
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the surface porosity and roughness of the PDA+PTFE significantly, which ensured a smoother
contact between the counterface and coating. The smoother topography of the coating helped to
reduce the COF of the compacted PDA+PTFE coating to a similar level to that of the PTFE
coating.

Fig. 3.7 Comparison of the average durability and COF of the PTFE, non-compacted
PDA+PTFE, and compacted PDA+PTFE coatings in dry conditions.
The average durability for the PTFE coating was 795 cycles, and for the non-compacted
PDA+PTFE coating was 9,050 cycles, which was 11 times higher. The improvement is much more
significant than using PDA as an underlayer for the PTFE coating (PDA/PTFE), which was 4.1
times (15). It indicates that the nanocomposite PDA+PTFE not only enhanced the adhesion
strength of the coating to the SS substrate but also increased the cohesive strength between PTFE
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fibrils. Furthermore, the compacted PDA+PTFE coating showed durability of 23,380 cycles,
which is 2.60 and 29.40 times that of the non-compacted coating and PTFE coatings, respectively.

Fig. 3.8 Optical microscope images of the coating wear tracks and the counterfaces
after tribological testing. (a) and (d) low and high magnification images of the wear
track of PTFE, (b) and (e) low and high magnification images of the wear track of
non-compacted PDA+PTFE, (c) and (f) low and high magnification images of the
wear track of compacted PDA+PTFE, and (g-i) counterface images of the PTFE,
non-compacted PDA+PTFE, and compacted PDA+PTFE coatings, respectively.
Figure 3.8 shows the optical microscope images of the coating wear tracks and the
counterfaces after tribological testing. It can be seen in Figure 3.8(a) and 3.8(d) that the PTFE
coating showed a line failure where a narrow band of the substrate was exposed. The counterface
image showed a small amount of transfer films (Figure 3.8(g)). In contrast, many exposed lines
were observed from the wear track of the non-compacted PDA+PTFE coating (Figure 3.8(b) and
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(e)). The counter surface image showed more transfer films (Figure 3.8(h)), which could have
prevented direct metal-metal contact and prolonged coating life. The compacted PDA+PTFE
coating showed multiple exposed SS lines on the wear track, similar to the non-compacted
PDA+PTFE coating, but the wear track was much narrower (Figure 3.8(c) and (f)). The amount
of the transferred film on the counterface was also smaller (Figure 3.8(i)).
Although the amount of dark transfer films from the PTFE and compacted PDA+PTFE
coatings appear to be similar, there is a thin layer of transfer film of PDA+PTFE coating covering
a larger area outside the dark area. Furthermore, the coating durability not only depends on the
amount of transfer film, but also depends on the bonding strength of the transfer film to the
counterface, as well as the coating surface roughness, cohesion, and adhesion to the substrate.
PTFE coating was delaminated in the early stage of testing due to its more porous structure, while
the compacted PDA+PTFE coating showed a very low wear rate in the early stage of testing. The
wear debris of PTFE coating is loosely attached to the counterface due to low adhesion, whereas
the PDA in the wear debris of the compacted PDA+PTFE coating adhered the transfer film better
to the counterface due to the adhesive nature of PDA.
The wear track cross-sectional profiles of the coatings obtained from the dashed white line
shown in Figure 3.8(a) - (c) are plotted in Figure 3.99 to understand the coating failure
mechanisms. Interestingly, the wear track of the PTFE coating showed two sets of protrusions
above the coating surface. The first set of protrusions are immediately adjacent to the recessed part
of the wear track, which is the pile-up wear debris.
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Fig. 3.9 Wear track cross-sectional profiles of the PTFE, non-compacted PDA+PTFE,
and compacted DA+PTFE coatings.
The second set of protrusions are much farther from the recessed part of the wear track and
one of them is almost double the coating thickness. The volume of the protrusions is larger than
the worn material could form. This indicates that the coating had a global delamination. Similarly,
the non-compacted PDA+PTFE coating also suffered from global delamination, as indicated by
the pile-up height that is twice the coating thickness. However, the wear track profile of the PTFE
coating showed the coating was damaged at the center of the wear track but delaminated further
way from the center than the non-compacted PDA+PTFE coating, indicating a weaker coating
adhesion to the substrate. In comparison, the compacted PDA+PTFE coating failed over a smaller
area with only a small amount of piled up of wear debris on either side of the wear track without
global delamination. It was hypothesized that the reduction in the surface porosity and the
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compacted smooth topography helped to resist global delamination, which in turn improved the
durability of the compacted PDA+PTFE coating.

Fig. 3.10 Comparison of the wear depth and counterface images of the non-compacted
PTFE and compacted PDA+PTFE coatings after 1,000, 2,000, and 4,000 cycles of
testing. (a) comparison of wear depth, (b-d) counterface images after testing for 1,000,
2,000, and 4,000 cycles of testing on non-compacted PDA+PTFE, and (e-g) counterface
images after testing for 1,000, 2,000, and 4,000 cycles of testing on compacted
PDA+PTFE coatings.
Wear progression tests for 1,000, 2,000, 4,000, and 8,000 cycles on non-compacted, and
compacted PDA+PTFE coatings were performed using the same testing routine as the durability
study. The wear depth comparison was studied and reported in Figure 3.10(a). It can be seen that
the average wear depths of the non-compacted PDA+PTFE coating after 1,000, 2,000, and 4,000
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cycles of testing was 29.2, 40.6, and 43.3 µm, respectively; whereas, the wear depths of the
compacted PDA+PTFE coating were much smaller in comparison at 8.1, 25.2, and 37.2 µm,
respectively. The non-compacted PDA+PTFE coating worn out over 4,000 cycles of the testing
because the wear depth was higher than the coating thickness, whereas the compacted PDA+PTFE
coating did not fully wear out even after 8,000 cycles. The coatings were much more durable after
worn to the coating-substrate interface. The smoother surface topography and the reduction in the
surface porosity of the compacted coating were responsible for the lower wear rate.
The counterface images of the wear progression tests are shown in Figure 3.10(b-g). For
the non-compacted PDA+PTFE coating (Figure 3.10(b-d)), there is no wear debris deposited on
the counterface after 1,000 cycles of testing. After 2,000 cycles, wear debris started to deposit on
the counterface. After 4,000 cycles of testing, an enhanced amount of wear debris was deposited
on the counterface. It can be concluded that from Figure 3.10 (a-d) that the wear debris on the
counterface acts as transfer films which prevent counterface and substrate interaction between
2000 and 4000 cycles and slowed down the coating wear. However, the coating would eventually
fail due to global delamination, as shown in Figures 3.6(a) and 3.9. In the case of compacted
PDA+PTFE coating, although there was minimum wear debris deposited on the counterface even
after 4,000 cycles of testing, a thin layer of transfer film developed on the counterface after 1000
cycles and was also present at 2000 and 4000 cycles, which helped to prolong the coating
durability. Furthermore, as shown in Figure 3.9, hot compaction helped to prevent the global
delamination of the PDA+PTFE coating, which in turn improved the durability of the compacted
PDA+PTFE coating compared to non-compacted PDA+PTFE coating.
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3.4.4 Scratch Tests and Wear Resistance
Scratch tests were performed to further investigate the adhesion properties of these
coatings. The wear tracks of the coatings generated by scratch tests under linearly increasing
normal load and the COF profile are shown in Figure 3.11.

Fig. 3.11 Wear tracks, COF, and normal load profiles of the PTFE, non-compacted
PDA+PTFE, and compacted PDA+PTFE coatings after the scratch test. (a) wear
track of the PTFE coating, (b) wear track of the non-compacted PDA+PTFE coating,
(c) wear track of the compacted PDA+PTFE coating, and (d) COF and normal load
profiles of the PTFE, non-compacted PDA+PTFE, and compacted PDA+PTFE
coatings after the scratch test.
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It was observed in Figure 3.11(a) that the PTFE coating was deformed at 8 N normal load,
which is evident from the reduced variation at this load in the COF profile in Figure 3.11(d). It can
be seen in Figure 3.11(d) that the PTFE coating showed higher COF than the non-compacted
PDA+PTFE and compacted PDA+PTFE coating in scratched tests due to its higher roughness. It
was also observed that the PTFE coating showed detachment from the substrate at the end of the
scratch tests corresponding to an increase in the COF. It can be seen in Figure 3.11(b) that the noncompacted PDA+PTFE coating was locally deformed early in the scratch tests, and the
deformation increased with the normal load but Figure 3.11(d) shows that the variation of COF
decreased with normal load due to reduced peak-to-valley distance as a result of coating
deformation. Interestingly, no coating delamination from the substrate was observed (Figure
3.11(b)). It can be concluded from the scratch tests that the addition of PDA improved the adhesion
of the coating to the substrate. The better adhesion of the coating to the substrate was responsible
for the higher durability of the non-compacted PDA+PTFE coating compared to the PTFE coating.
The wear track of the compacted PDA+PTFE coating after the scratch test is shown in
Figure 3.11(c). It was observed that the compacted PDA+PTFE coating showed a very smooth
wear track without any sign of local and aggressive deformation at the end of the scratch tests. The
COF is lower and smoother than that of the non-compacted PDA+PTFE coating. Similar to the
non-compacted PDA+PTFE coating, no delamination from the substrate was observed during the
scratch test. Therefore, the higher durability and lower COF of the compacted PDA+PTFE coating
compared to the non-compacted PDA+PTFE coating can be attributed to the smoother surface,
lower porosity, and better load-carrying capacity of the compacted PDA+PTFE coating.
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3.5 Conclusions
The effects of adding PDA to PTFE and hot compaction on the tribological properties of
PTFE coatings in dry conditions were studied. The thickness of the spray-coated compacted
PDA+PTFE coatings was 43±3 µm. Even though all three coatings showed hydrophobic behavior,
the addition of PDA lowered the hydrophobicity of the non-compacted PDA+PTFE coating
compared to the PTFE coating, and hot compaction further lowered the hydrophobicity of the
compacted PDA+PTFE coating. The addition of PDA improved the durability of the noncompacted PDA+PTFE coating 11 times compared to the PTFE coating. The PTFE and the noncompacted PDA+PTFE coating both showed detachment from the substrate during wear tests,
whereas the compacted PDA+PTFE coating did not show any form of detachment from the
substrate. The non-compacted PDA+PTFE coating was much more durable in the coatingsubstrate interface due to the better adhesion of the coating to SS substrate, enhanced transfer film
formation, and better load-carrying capacity of the coating compared to the PTFE coating. Hot
compaction helps to reduce the porosity and the roughness of the PDA+PTFE coating by 63- and
41 times, respectively. Compacted PDA+PTFE coating showed a COF of 0.099, which is 22%
lower than the COF of the non-compacted PDA+PTFE coating. The lower COF of the compacted
PDA+PTFE coating is due to the lower roughness of the coating. The compacted PDA+PTFE
coating showed 2.60- and 29.40-times higher durability than non-compacted PDA+PTFE and
PTFE coatings, respectively. In addition to better adhesion to the SS substrate and better loadcarrying capacity, reduction of porosity and roughness due to the hot-compaction prevented the
local and global deformation of the compacted PDA+PTFE coating during wear tests, which in
turn improved the durability of the coating.
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Chapter 4
Tribological Properties of PDA+PTFE Coating in Oil-lubricated Condition

4.1 Abstract
In this study, the tribological properties of 45 ± 2 µm-thick polytetrafluoroethylene (PTFE)
and polydopamine (PDA)+PTFE coatings in oil-lubricated conditions were investigated under a
normal load of 10 N and a linear reciprocating speed of 0.1m/s. Both the PTFE and the PDA+PTFE
coatings were deposited using an in-house spray-coating method. The PDA+PTFE coating was
five times more durable compared to the PTFE coating in oil-lubricated conditions. Both PTFE
and PDA+PTFE coatings showed lower COF in oil-lubricated conditions than in dry conditions.
The nanomechanical properties measured by PeakForce Quantitative Nanomechanical (PFQNM)
characterization method showed an increase in Young’s modulus and adhesion force for the
PDA+PTFE coatings compared to the PTFE coatings. Chemical analysis showed that the crosslinking between PDA and PTFE polymer chains occurred during the high-temperature sintering
procedure. The higher adhesion of PDA+PTFE coating to the cast iron substrate and the stronger
cohesion due to the cross-linking between PDA and PTFE contributed to the higher durability of
the PDA+PTFE composite coatings.
Keywords: Durability, Coefficient of friction, Polydopamine, PDA+PTFE, Oil-lubricated
condition.

4.2 Introduction
Polytetrafluoroethylene (PTFE) is a popular engineering polymer that shows high thermal
and chemical stability [1]. It has a wide range of applications, especially in coatings where nonstick surface properties are desired. PTFE has also been used in different tribological applications
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due to its inherently low coefficient of friction (COF), solid lubricity, and chemical inertness [13]. However, PTFE coatings have low adhesion to metallic surfaces because of its non-stick
properties [4,5], which leads to a high wear rate under shear and frictional loads. Much work has
been carried out over the years to increase the wear resistance of PTFE and the adhesion of PTFE
coatings to metallic substrate surfaces [4-10]. Using a primer coat composed of an acrylic-based
polymer and roughening the surface by sandpaper are the most popular ways to increase adhesion
between PTFE and a substrate surface. Inspired by Lee et al. [11-12], S. Beckford et al. [8] used
an ultrathin polydopamine (PDA) underlayer to enhance the adhesion between thin PTFE coatings
and a stainless steel (SS) substrate, and hence improved the durability of PTFE coatings
dramatically in dry sliding contact conditions without the need of modifying the substrate surface.
Various micro/nanoparticles (NPs) were also added to further improve the durability of the PTFE
coatings [13-17]. Beckford et al. [14] found that the addition of 0.01 wt% of PDA coated Cu NPs
can double the durability of the PDA/PTFE thin coating. Similar to Beckford et al.’s study [14],
Choudhury et al. [15] found that the addition of 2.0 wt% of Ag NPs in the PDA underlayer
improved the durability of the PDA/PTFE coating by 3.6 times. Recently, Miller et al. [18] used
PDA to enhance the durability of the PDA/PTFE coating on a Nitinol 60 substrate. However, PDA,
as a constituent of the PTFE composite coating has not been studied yet.
Thick PTFE coatings have a wide range of applications, especially in cookware [19],
different bearing materials [20-22], and air-conditioner’s compressors [23]. The thickness of the
coating for bearing applications varies from 5 - 100 µm, whereas the thickness of PTFE coatings
for cookware varies from 32.5 - 45 µm [19-22] and the thickness of the PTFE coatings for
compressors application varies from 20 - 30 µm [23]. Demas et al. [23] found that a 20 - 30 µm
PTFE-based coatings on cast iron substrate can tribologically outperform DLC based coating in
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the compressors of air-conditioners. Even though the initial wear in the PTFE coating was higher
in compressors application, but the wear debris acted as a third body lubricant, which reduced the
COF and further wear [23]. Although the bulk PTFE composite showed better tribological
properties in the oil-lubricated condition than in the dry condition [24-32], the tribological
behavior of the PTFE coatings in the oil-lubricated condition is still not well understood. The
tribological properties of PTFE coatings in oil-lubricated condition are not comparable to bulk
PTFE due to the presence of the substrate-coating interface and limited wear volume in the
coatings. The low COF of the PTFE coatings in oil-lubricated conditions makes it a suitable
material to replace the soft-metal based Babbitt in journal bearings applications where low COF
is required for smooth operations. Along with bearing applications, the uses of PTFE coatings in
cookware make them very interesting to understand the wear mechanism of PTFE coatings in oillubricated conditions.
Nanomechanical properties, such as Young’s modulus, hardness, and adhesion, play
essential roles in determining the tribological behavior of polymer nanocomposite coatings. These
nanomechanical properties of the PDA+PTFE nanocomposite coating can be correlated to their
tribological properties, which will be useful to design a polymeric coating in the future for various
applications. The reported value of Young’s modulus and hardness of the thin PTFE (500-1300
nm) coatings measured by nanoindentation is 1.25 - 2.1 GPa and 45 - 65 MPa, respectively [13,18].
However, Young’s modulus and hardness in thick PDA/PTFE (42 µm) coatings, measured by
nanoindentation, are 0.72-0.80 GPa and 66.1 – 73.2 MPa, respectively [33]. Moreover, no work
was carried out to measure the adhesion between the PTFE top surface and a nanoindentation tip
to understand the effect of the filler materials on the adhesion properties of the PTFE composite
coating.
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In this study, the tribological properties of the thick PTFE and PDA+PTFE coatings in oillubricated conditions were studied. The nanomechanical property mappings of these coatings were
performed by an atomic force microscope (AFM) using PeakForce Quantitative Nanoscale
Mechanical (PFQNM) characterization method. A correlation between the nanomechanical
properties and tribological properties of the PTFE and PDA+PTFE coatings was established.

4.3 Experimental Methods
4.3.1 Sample Preparation
The substrates used for this study were 6 mm-thick disks with 40 mm diameter, which were
cut from cast iron rods (McMaster-Carr, USA). The substrate was machined to an average surface
roughness of 2.54 ± 0.16 µm. For cleaning, the substrates were first sonicated in acetone for 20
min to remove any oil, sand, and organic contaminants. The substrates were then sonicated in
isopropyl alcohol for 10 min and dried under nitrogen gas before beginning the spray coating
deposition process with a mixture of a proprietary, actively polymerizing aqueous solution of
PDA+PTFE composite coating, prepared before the coating deposition. The composite
PDA+PTFE coating was deposited via an in-house designed and assembled spray coater apparatus.
This method allows for the facile deposition of thick (approximately 45 µm) coatings at fast speeds
(under 5 minutes). Once coated, samples underwent a heat treatment process that sinters the
coatings. To sinter the coatings to the substrate, the samples were first heated to 120°C for 5
minutes to evaporate water, then 300°C for 5 minutes to remove wetting agents, and finally, heated
to 372°C for 5 minutes to sinter the PTFE particles onto the substrate. A set of samples with PTFE
coatings were also fabricated using a spray coater apparatus and went through the 3-step heating
process. Both the PTFE and the PDA+PTFE coatings were compacted during the final stage of
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annealing by using a hot press. Figures 4.1(a) and (b) show the photographs of the PTFE and
PDA+PTFE coated samples, respectively.
To study PDA surface chemistry, the PDA coating was fabricated on a mirror-finished
stainless-steel (SS) substrate using a rocking shaker method [33]. The SS substrates were
submerged in a container contained 700 mL of aqueous solution and placed on a rocking shaker at
60 ºC and 25 Hz rocking frequency. The aqueous solution contained 0.0848 g of Trizma base
(Sigma Aldrich, USA) and 1.4 g of dopamine hydrochloride (Sigma Aldrich, USA), and the pH of
the solution was kept at ~ 8.5 for 45 minutes for the PDA deposition. After 45 minutes, the SS
samples were removed from the rocking shaker and washed in DI water. The SS samples were
finally dried in nitrogen gas.

4.3.2 Coating Characterization
The thicknesses of the coatings were measured using a stylus profilometer (Dektak 150,
Bruker, USA) with a 12.5 µm-radius diamond tip over a 12,000 µm length at a speed of 400
µm/second. A blade was used to scratch a part of PTFE and PDA+PTFE coatings to expose the
cast iron substrate. Figure 4.1(c) shows the thickness profiles of the PTFE and PDA+PTFE
coatings. Coating thickness was then measured as the height difference between the cast iron
substrate surface and the top of the coating measured by the profilometer. An AFM (Dimension
Icon, Bruker, USA) was used to evaluate the sample surface topography and roughness. A silicon
tip on nitride cantilever (ScanAssyst air, Bruker, USA) with a spring constant of 0.4 N/m and tip
radius of 2-12 nm was used to perform the AFM surface topography measurement. Focused ion
beam scanning electron microscopy (FIB-SEM) (XL-30, Phillips/FEI, Hillsboro, OR, USA) was
performed to study the cross-section of the PDA+PTFE coating. The water contact angle (WCA)
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was measured using a water contact angle goniometer (OCA15, DataPhysics instrument GmbH,
Germany). A 2 µl-water droplet was used to measure the coating water contact angle. X-ray
Photoelectron Spectroscopy (XPS; PHI 5000 VersaProbe, ULVAC-PHI, Kanagawa, Japan) was
used to determine the chemical composition and bonding structure of the PTFE, PDA, and
PDA+PTFE coating. Each XPS measurement was performed for a 2-hour duration.

4.3.3 Tribological Testing
The tribological tests were performed in boundary oil-lubricated conditions in a ball-ondisc configuration using a universal mechanical tester (UMT-2, Bruker, USA) under a linear
reciprocating motion. The tests were performed under 10 N normal load, 10 mm/s speed, and 5
mm stroke lengths with a chrome-steel counterface ball. For these tests, Mobil DTE-32, the oil
commonly used in industry for different roller and journal bearing applications [34], was used as
the lubricant. Mobil DTE-32 shows high chemical and thermal stability and high resistance to
sludging [34]. A 10 N normal load was used to generate a high contact pressure to accelerate the
coating failure in the benchtop test. Figure 4.1(d) shows the schematic of the tribological test setup.
The failure criterion for these tests is set to when a frictional force (Fx) reached 3 N, which signifies
by a sharp increase in the coefficient of friction when the chrome-steel and cast-iron interact
directly. The average and standard deviation of the coating durability and COF from six tests each
on PTFE and PDA+PTFE coatings were reported. For studying the coating adhesion, scratch tests
were performed by linearly varying the load from 0.5 to 5 N over a 100-s period at 0.1 mm/s speed.
A diamond-coated counterface with a tip diameter of 400 µm and a full-cone angle of 120º was
used for the scratch tests. The normal load and the corresponding COF for different coatings were
reported from the scratch tests. The wear tracks after the tribological tests and the chrome steel
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counterface used for the tribological tests were evaluated using a 3D laser scanning confocal
microscope (VK X260K, Keyence Corporation, USA).

(a)

(b)

PDA+PTFE

(c)

10 N Force

(d)

5 mm stroke @10 mm/s

Mobil DTE-32

Cr-steel
Cr-steel Ball
Ball
PDA+PTFE
Cast Iron

Fig. 4.1 Sample photographs, coating thickness profiles and schematic of the
tribological test setup of the PTFE and PDA+PTFE coatings. (a) Photo of PTFE
coating sample, (b) Photo of PDA+PTFE coating sample, (c) thickness profiles of
the PTFE and PDA+PTFE coatings, and (d) schematic of the tribological tests
setup.
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4.3.4 Nanomechanical Property Characterization
The PFQNM was performed by using an AFM (Dimension Icon, Bruker, USA) to measure
the nanomechanical properties (Young’s modulus and adhesion) of PTFE and PDA+PTFE
coatings. PFQNM is a technique where a single imaging technique that can measure the surface
topography and nanomechanical properties, such as Young’s modulus, deformation, and adhesion.
A special AFM probe, RTESPA-300-30 with a 32 nm probe radius, a half-angle of 20º, and a
spring constant of 45.67 N/m was used to perform the nanomechanical mapping on the coating
surfaces. The AFM probe can measure the elastic modulus in the range of 0.5 to 20 GPa. The
PFQNM methods generate maps for the nanomechanical properties in scanned areas. Both the
nanomechanical property maps and the average values of 5 different measurements were reported
in this study.
The hardness of the PTFE and PDA+PTFE coatings were measured using a nanoindenter
(TI-900, Hysitron, USA). The indents were made using a spheroconical diamond probe with a 1µm tip radius and a 60° cone angle. The indentation load was 50 µN and the loading and unloading
rates were 10 µN/s with a 5-second holding time. Each coating was indented five times, and the
average and standard deviation values of hardness were determined.

4.4 Results and Discussion
4.4.1 Coating Topography
Figure 4.2 shows the AFM images of the PTFE and PDA+PTFE coatings at two different
scan sizes. It can be seen from the AFM images that both the PTFE and the PDA+PTFE coatings
have a compacted topography. Press marks on the surfaces of both the PTFE and the PDA+PTFE
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coatings, resulting from the countersurface during compaction, can be observed. There was no
porous area on the surface of both the PTFE and the PDA+PTFE coatings.

Fig. 4.2 AFM images of PTFE and PDA+PTFE coatings at two different scan sizes.
(a) PTFE (20 µm x 20 µm scan), (b) PTFE (10 µm x 10 µm scan), (c) PDA+PTFE
(20 µm x 20 µm scan), and (d) PDA+PTFE (10 µm x 10 µm scan).

Figure 4.3(a) shows the roughness parameters of the PTFE and the PDA+PTFE coatings.
The PTFE coating has an average roughness, Ra, of 40 nm, whereas PDA+PTFE coating has a Ra
of 48 nm due to the addition of PDA. Even though the PTFE coating showed a slightly lower Ra
and root mean square roughness, Rq, than the PDA+PTFE coating, the T-test results show that the
differences are not statistically significant (P = 0.076). Both PTFE and PDA+PTFE coating has a
similar negative skewness number, which indicates both coatings are valley dominated (Figure
84

4.3(a)). The roughness profile agrees with the skewness and proves the valley dominated structure
of the PTFE and PDA+PTFE coating (Figure 4.3(b)).

Skewness

Roughness (nm)

(a)

(b)

Fig. 4.3 The roughness parameters and roughness profiles of the PTFE and
PDA+PTFE coatings. (a) the average roughness, Ra, root mean square
roughness, Rq, and skewness and (b) roughness profiles of the PTFE and
PDA+PTFE coatings.
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4.4.2 Water Contact Angle
Figure 4.4 shows the WCA measurement of the PTFE and PDA+PTFE coatings. The PTFE
coating showed hydrophobic behavior with an average WCA of 119.3º. The addition of PDA to
the PTFE matrix reduced the average WCA of the PDA+PTFE coating to 105.9º. The hydrophilic
nature of the PDA (WCA = 58 ± 2.4º) is responsible for the reduction in the WCA of the
PDA+PTFE coating. Even though the addition of PDA decreased the hydrophobic behavior of the
PTFE coating, the PDA+PTFE coating remained hydrophobic.

Fig. 4.4 Water droplet images and comparison of the water contact angle of the
PTFE and PDA+PTFE coatings. (a) water droplet image on PTFE coating, (b)
water droplet image on PDA+PTFE coating, and (c) the comparison of the water
contact angle of PTFE and the PDA+PTFE coatings.
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4.4.3 Nanomechanical Properties
The surface topography, Young’s modulus, and adhesion maps of PTFE and PDA+PTFE
coatings obtained by PFQNM are shown in Figure 4.5. It can be seen that Young’s modulus and
adhesion values are consistent throughout the imaged areas of both the PTFE and the PDA+PTFE
coatings. These values measured using PFQNM were summarized and shown in Figure 4.6.
Young’s modulus of the PTFE coating was 0.61 + 0.07 GPa that is similar to the reported Young’s
modulus of thick PTFE coating [33].
Figure 4.6(a) shows that the addition of PDA increased the Young’s modulus of the PTFE
coating from 0.61 GPa to 0.97 GPa. The higher Young’s modulus of the PDA (2.3 GPa) is
responsible for the increase in Young’s modulus of the PDA+PTFE coating [35]. However, the
hardness of the PTFE and PDA+PTFE coating was measured using nanoindentation, and no
significant change in the hardness was observed, as shown in Figure 4.6(b). Additionally, it was
hypothesized that the cross-linking between the PDA and PTFE might be responsible for the higher
Young’s modulus of the PDA+PTFE coating compared to the PTFE coating. To check this
hypothesis, XPS was performed on both the PTFE and the PDA+PTFE coatings. The bonding
structure will be discussed later. The PDA + PTFE coating showed a higher adhesion force of 172
nN than the 154 nN adhesion force of the PTFE coating. The more adhesive PDA is responsible
for the increase in the adhesion force of the PDA+PTFE coating compared to the PTFE coating.

4.4.4 Friction and Durability
The COF profiles of the PTFE and PDA+PTFE coatings tested in Mobil DTE-32 oil for
3,000 cycles and 15,000 cycles, respectively, were plotted in Figure 4.7. It is observed that the
starting COF of the PTFE coating is 0.03, which is comparable to the bulk PTFE in oil-lubricated
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conditions [32]. The COF of the PTFE coating increased to 0.045 gradually over the 3,000 cycles
of the testing until the coating failed.

Fig. 4.5 Nanomechanical property maps of the PTFE and PDA+PTFE coatings. (a)
and (b) shows the topography of the PTFE and PDA+PTFE coatings, respectively,
(c) and (d) shows the modulus of elasticity maps of the PTFE and PDA+PTFE
coatings, respectively, and (e) and (f) shows the adhesion maps of the PTFE and
PDA+PTFE coatings, respectively.
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(a)

(b)

Fig. 4.6 Comparison of the nanomechanical properties (Young’s modulus,
adhesion force, and hardness) of PTFE and PDA+PTFE coatings. (a) Young’s
modulus and adhesion force and (b) hardness.
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Fig. 4.7 COF profile of the PTFE and PDA+PTFE coatings tested in oil-lubricated
conditions.
However, no pronounced increase in the COF profile was observed due to the chrome steel,
and the cast-iron interface was in oil-lubricated conditions. The wear progression tests were
performed to study the coating failure and will be discussed later. The starting COF of the
PDA+PTFE coating is much lower (0.02) than the PTFE coating (0.03). The COF of the
PDA+PTFE coating transitioned into 0.04 at the first 2,000 cycles and held below this value until
12,500 cycles of testing. The COF of the PDA+PTFE coating then transitioned into 0.051 for the
rest of the test. Interestingly, the COF of the PDA+PTFE coating did not show any significant
difference from the PTFE coating, even though adhesive PDA were added.
The coefficient of friction of the PTFE coating reported in the literature is 0.12 in dry
conditions [8,9,14,15]. As shown in Figure 4.8, the COF of the PTFE coating in the oil-lubricated
condition was found to be 0.045, which is 62.5% less than that tested in dry conditions. The
average COF of the PDA+PTFE coating was found to be 0.049, which is not significantly higher
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than the PTFE coating, indicating that the addition of PDA does not negatively impact the COF of
the PTFE coating.

Fig. 4.8 Comparison of the average durability and COF of the PTFE and
PDA+PTFE coatings in oil-lubricated conditions.

The durability of the PTFE and PDA+PTFE coatings in oil-lubricated conditions was also
plotted in Figure 4.8. The PTFE coating lasted for 2,765 cycles, whereas the PDA+PTFE coating
lasted for 13,667 cycles. The better durability of the PDA+PTFE coating can be attributed to the
higher Young’s modulus of the coating, which gives the coating a better load carrying capacity
under normal load. To check this hypothesis, scratch tests were performed on the PTFE and
PDA+PTFE coatings and will be discussed later.
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4.4.5 Wear Progression
A set of wear progression tests were performed to determine the durability of the PTFE
and PDA+PTFE coatings. Figure 4.9(a) shows the comparison of the wear depths of the coatings
tested for 1,000, 2,000, and 3,000 cycles in oil-lubricated conditions. It can be seen that the PTFE
coating has rapidly worn out during the 3,000 cycles of testing, whereas the PDA+PTFE coating
wore at a much slower rate during the 3,000 cycles of testing. The PDA+PTFE coating was further
tested tribologically for 4,000, 6,000, 8,000, 10,000, and 15,000 cycles in oil-lubricated conditions,
and the wear depths were plotted in Figure 4.9(b). It was observed that the wear depth increased
linearly for the first 8,000 cycles of testing and reached 11.12 µm, and the wear depth started to
increase rapidly when the coating was tested for 10,000 and 15,000 cycles with the wear depth
reaching 31.2 µm and 44.57 µm, respectively. It was hypothesized that the higher wear rate after
8,000 cycles might be due to the presence of porosity in the coating underneath the compacted top
surface. To prove this hypothesis, FIB-SEM was used to cut and image the cross-section of the
PDA+PTFE coating. AFM images were also taken on the bottom surface of the PDA+PTFE
coating after peeling it off from the substrate.
Figure 4.10 shows the cross-section FIB-SEM image of the PDA+PTFE coating. It can be
seen from the SEM image that the top surface of the PDA+PTFE coating (inside the red circle)
does not have any porosity. Porosities can be seen underneath the top compacted coating (inside
the yellow circle). The porous structure on the left side of the SEM image was from the
deformation of the PDA+PTFE coating surface under the FIB irradiation. Even though a porous
structure underneath the compacted PDA+PTFE coating was observed, the morphology of the
PDA+PTFE coating was not fully understood due to the deformation caused by the FIB.
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Fig. 4.9 Study of the wear depth of the PTFE and PDA+PTFE coatings in progressive
wear tests in oil-lubricated conditions. (a) comparison of the wear depth of the PTFE
and PDA+PTFE coatings at 1,000, 2,000, and 3,000 cycles of testing and (b)
progressive wear depth of the PTFE and PDA+PTFE coating at different cycles of
testing.
Figure 4.10 shows the cross-section FIB-SEM image of the PDA+PTFE coating. It can be
seen from the SEM image that the top surface of the PDA+PTFE coating (inside the red circle)
does not have any porosity. Porosities can be seen underneath the top compacted coating (inside
the yellow circle). The porous structure on the left side of the SEM image was from the
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deformation of the PDA+PTFE coating surface under the FIB irradiation. Even though a porous
structure underneath the compacted PDA+PTFE coating was observed, the morphology of the
PDA+PTFE coating was not fully understood due to the deformation caused by the FIB.

Porous PDA+PTFE underneath
compacted coating

Compacted top
surface

Fig. 4.10 Cross-sectional FIB-SEM image of the PDA+PTFE coating.
To further investigate the morphology of the coating, AFM imaging was performed on the
bottom surface of the PDA+PTFE coating after peeling it off from the substrate. The AFM images
of the bottom surface are shown in Figures 4.11. From Figure 4.11(a), it was observed that the
PDA+PTFE coating has porous spots throughout the area of the image. It was also observed that
the PTFE particle at the bottom of the surface did not show the usual needle-like structure observed
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previously [13,27]. Higher-resolution AFM image in Figure 4.11 (b) shows the PDA+PTFE
coating had a pellet-like structure on the bottom surface. The highly porous structure of the
PDA+PTFE coating bottom surface was also visible from Figure 4.11(b). Jiang et al. [9] found
that the PTFE coating showed a pellet-like structure before annealing at 372º C. The pellet-like
structure on the bottom of the PDA+PTFE coating indicates that the 45 µm-thick PDA+PTFE
coating was not fully annealed at the bottom of the coating. During the annealing process, the top
surface of the PDA+PTFE coating was annealed and compacted, whereas the bottom of the coating
was not annealed and compacted. Combining the SEM and AFM study of the cross-section and
bottom surface of the PDA+PTFE coating, it can be concluded that the porous and non-annealed
PDA+PTFE coating underneath the compacted PDA+PTFE coating were responsible for the
higher wear rate of the PDA+PTFE coating after 8,000 cycles of testing in oil-lubricated condition.
Figure 4.12 shows the optical wear track images of the PTFE and PDA+PTFE coatings tested for
3,000 and 15,000 cycles, respectively. The PTFE wear track shows the machining line of the
substrate underneath the coating due to the transparent nature of the PTFE coating. The
PDA+PTFE coating has a black color and does not show the machining marks on the substrate.
The wear track image of the PTFE coating (Figure 4.12(a)) shows that after 3,000 test cycles, there
was no PTFE coating left on the wear track. The white areas on the wear track (Figure 4.12(a) and
(b)) indicate there was a counter surface-to-substrate interaction during the tribological testing.
The counter surface image in Figure 4.12(c) shows some wear scuff, which proved the earlier
assertion that there was some metal-metal interaction during the tribological testing of the PTFE
coating for 3,000 cycles in oil-lubricated condition. It can be concluded that there was no
observable transfer film formation during wear tests, and the wear debris was swept away by the
oil during wear test (Figure 4.12(c)). Figure 4.12(d) shows the wear track image of the PDA+PTFE
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coating after 15,000 cycles of testing in oil-lubricated conditions. It can be seen that the
PDA+PTFE coating was mostly worn out from the substrate after 15,000 cycles, but the substrate
is not exposed. There was no metal-metal interaction during the tribological tests, and there was
no wear scuff and no transfer film on the counterface ball after testing.

Fig. 4.11 AFM images of the bottom of the PDA+PTFE coating at two
different scan sizes. (a) 20 µm x 20 µm, and (b) 10 µm x 10 µm.
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Fig. 4.12 Optical microscope images of the PTFE and PDA+PTFE coatings tested
for 3,000 and 15,000 cycles in oil-lubricated conditions. (a) and (d) show wear
tracks of the PTFE and PDA+PTFE coating, (b) and (e) show higher magnification
images of the wear tracks, and (c) and (f) show the counter surfaces after the
tribological testing.

4.4.6 Scratch Test
To investigate the coating adhesion to the substrate, scratch tests were performed on the
PTFE and PDA+PTFE coatings using a diamond-coated tip with 400 µm diameter and 120º cone
angle. The optical images of the wear tracks and the normal load and COF profiles of the scratch
tests are plotted in Figure 4.13. It can be seen from Figure 4.13(a) and (b) that both PTFE and
PDA+PTFE coatings were deformed at the start of the scratch tests. For PTFE coating, more
aggressive wear starts around 2.2 N normal load, where wrinkles started to form in the coating due
to coating delamination. The PDA+PTFE coating showed a smoother wear track until 4 N normal
load. After this point, the wear track width increased, but no wrinkle formation and coating
delamination on the wear track was observed. The change in the wear width of the PDA+PTFE
coating was also evident by the abrupt change in the COF in Figure 4.13(c). The addition of PDA
gives the PDA+PTFE coating a better load carrying capacity, which translated into better
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durability of the PDA+PTFE coating. The higher force required to delaminate the PDA+PTFE
coating can be attributed to the higher Young’s modulus of the PDA+PTFE coating. Stiffer
PDA+PTFE coating needed a higher loading condition to cause elastic deformation in the coating
compared to PTFE coating. In addition to the better nanomechanical properties, it was
hypothesized that there was cross-linking between the PDA+PTFE, which in turn gave the better
durability of the PDA+PTFE coating. To check this hypothesis, XPS was performed on the PTFE
and PDA+PTFE coatings, and their chemical bonding was analyzed.

Fig. 4.13 Optical microscope images of wear tracks, the COF profiles, and the
load profile of PTFE and PDA+PTFE coatings from the scratch test. (a) The
PTFE wear track, (b) the PDA+PTFE wear track, and (c) the COF profiles and
the load profile over time.
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Fig. 4.14 Chemical bonding analysis of the PTFE, PDA, and PDA+PTFE
coatings by XPS. XPS spectrum and bonding analysis of (a) PTFE coating, (b)
PDA coating, (c) PDA+PTFE coating annealed at 372 ºC, and (d) PDA+PTFE
coating annealed at 120 ºC.

4.4.7 Chemical Analysis
Figure 4.14 shows the XPS spectra of C1s of the PTFE, PDA, and PDA+PTFE coatings
annealed at 372 ºC and 120 ºC. Table 4.1 summarizes the different bonding types and their
proportion (%) present in the different coatings. It can be seen from Table 4.1 that the PTFE
coating has a large percent of CF2-CF2 bonds (39.1%) and have a small percent of C-C bonds
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(7.1%), while the PDA was dominated by C-C and C-O bonds. Interestingly, there were
differences between the bonding structures of the PDA+PTFE and PTFE coatings annealed at 372
ºC. The PDA+PTFE coating has a higher percentage of C-C bonds (14.6%) due to the addition of
PDA. Remarkably, a lower percent of the CF2-CF2 bonds (19.3%) were found, and 38.5% of CFCF2 bonds were also formed in the PDA+PTFE coating. This indicates some of the CF2-CF2 bonds
were broken and converted to CF-CF2 bonds, which facilitated the cross-linking between the PDA
and PTFE molecules, thus resulting in improved nanomechanical properties and hence better
durability of the PDA+PTFE coating annealed at 372 ºC.
Table 4.1: The proportion of different bonds (%) obtained by XPS on different coatings.

PTFE (%)
7.1
5.4
5.1
0.0

PDA+PTFE
annealed at
372º C (%)
14.6
0.0
4.5
0.0

PDA+PTFE
annealed at
120º C (%)
33.5
19.0
0.0
16.6

0.0

22.9

23.1

14.3

CF2-CF2

0.0

39.1

19.3

4.8

CF3-CF2

0.0

20.4

0.0

0.0

CF-CF2
CF-C

0.0
0.0

0.0
0.0

38.5
0.0

11.8
0.0

Bonding
Type
C-C
C-O
C=O
C-N

PDA (%)
48.1
51.9
0.0
0.0

C-CF2

It is not clear exactly when the cross-linking between PDA and PTFE polymer chains
occurred, but it is hypothesized that the cross-linking may have happened during the final curing
of the PDA+PTFE coating at 372 ºC. To check this hypothesis, XPS was performed on the
PDA+PTFE coating heated to 120 ºC without the final curing step, and the XPS spectrum is shown
in Figure 4.14(d). It was observed in figure 4.14(c) and 4.14(d) that the PDA+PTFE coating heated
to 120 ºC and 372 ºC have a different XPS spectrum. The former had distinct peaks for both PTFE
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and PDA. The higher percentage of the C-C (33.5%), C-O (19.0%), and C-N (16.6%) bonds in the
XPS spectra of the PDA+PTFE coating heated to 120 ºC are from the PDA, whereas the CF2-CF2,
CF-CF2, and C-CF2 came from the PTFE. It is interesting to see that the percentage of the stable
CF2-CF2 bonds (19.3%) in the PDA+PTFE coating heated to 372 ºC is higher than that heated to
120 ºC (4.8%). Decreases in the distinct peaks for the PDA coating (C-C and C-O, and C-N) were
observed in the PDA+PTFE coating heated at 372 ºC compared to the coating heated at 120 ºC
due to the cross-linking between the PDA and PTFE particles. Therefore, it can be concluded from
Figure 4.14(c) and (d) that the high-temperature curing process was responsible for the crosslinking between PDA and PTFE.

4.5 Conclusion
The tribological properties of PTFE and PDA+PTFE coatings in oil-lubricated conditions
were studied. Both coatings showed hydrophobic behavior. The coatings also showed similar COF
in oil-lubricated conditions, which is 62.5% lower than that in dry conditions. The PDA+PTFE
coating lasted five times longer than the PTFE coating in an oil-lubricated condition when tested
under a normal load of 10 N and a linear reciprocating speed of 0.1m/s. The coating life could be
further improved by better compaction of the coatings. The addition of PDA helped to increase the
Young’s modulus of the PTFE coating from 0.61 GPa to 0.97 GPa. The adhesion of the
PDA+PTFE coating was slightly higher than that of the PTFE coating. XPS chemical analysis
showed that cross-linking occurred between the PDA and PTFE molecules during the hightemperature annealing process as the results of broken CF2-CF2 bonds and the formation of the
more active CF-CF2 bond. The better nanomechanical properties of the PDA+PTFE coating and

101

the cross-linking between the PDA and PTFE contributed to the better durability of the
PDA+PTFE coating than the PTFE coating in oil-lubricated condition.
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Chapter 5
Effect of Cu Nanoparticles on the Tribological Performance of PDA+PTFE Coatings in Oillubricated Condition

5.1 Abstract
The effect of Cu nanoparticles (NPs) on the tribological performance of the thick
polydopamine (PDA)+polytetrafluoroethylene (PTFE) coatings in DTE-32 Mobil lubricated
condition was investigated. PDA+PTFE+Cu NP coatings with 45 µm thickness were spray-coated
with 0.12, 0.25, and 0.50 wt% of Cu NPs in an aqueous PDA+PTFE solution, respectively. The
mechanical properties were studied by PeakForce quantitative nanomechanical (PFQNM)
characterization and nanoindentation. The Young's modulus increased, and the coefficient of
friction (COF) reduced with the addition of Cu NPs compared to PDA+PTFE coating. The
PDA+PTFE+0.25 wt% Cu and PDA+PTFE+0.50 wt% Cu coatings increased the durability by
52% and 33% compared to the coating without Cu NPs, respectively. The better tribological
performance of the nanocomposite coatings is contributed by the better mechanical properties,
better adherence, and enhanced cross-linking between the constituents of the nanocomposite
coatings due to the presence of Cu NPs. The addition of 0.25 wt% Cu NPs in PDA+PTFE increased
the thermal conductivity by 12%.
Keywords: Nanocomposite coating, Copper nanoparticles, Durability, Thermal conductivity,
PFQNM

106

5.2 Introduction
Polytetrafluorethylene (PTFE) exhibits low friction, but very high wear rate under shear
force [1]. Even though, a 5-100 µm PTFE film has a widespread application in cookware, bearings,
and compressors [2-6], the high wear rate and delamination is limiting the use of PTFE coating in
oil-lubricated condition. Different nanoparticles (NPs) have been added to the PTFE matrix to
improve the durability of thin PTFE films [7-16]. NPs, even at smaller quantities, can affect the
tribological performance of polymer composites due to higher specific surface area, low
interparticle separation, and interfacial reaction between the polymer and NPs [17-19]. However,
at higher concentration, the NPs aggregate themselves due to strong Van Der Waals attraction and
it inversely affect the physical and mechanical properties of the polymeric nanocomposites [1719].
Copper (Cu) has been used to improve the tribological behavior of PTFE films [10-11].
The high mechanical strength of the Cu NPs makes it a very prominent filler material for coating
applications. Beckford et al. used 0.01wt% Cu in the PTFE layer to enhance the longevity of the
polydopamine (PDA)/PTFE thin films by two-fold [10]. Cu NPs melt at a much lower melting
temperature than that of bulk Cu [20]. The melting of Cu NPs helps to spread and compact the
film, which resulted in increased cohesion between the constituents of the films. The cohesive
films adhere better to the cast iron substrate [10]. In addition to cohesion, NPs show an anchoring
property to the substrate, which also helps to improve the adhesion between the film and the
substrate [12]. Furthermore, a PDA coated Cu NP can increase the longevity of the PDA/PTFE
films by 2-times [11]. Inspired by Lee et al. [21-22], polydopamine (PDA) has been used as an
adhesive layer to adhere to the PTFE coating better to different substrates and enhance the wear
resistance of the coating [23-27]. PDA, a bioinspired adhesive, shows high adhesion to metallic
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surfaces and PTFE coating [23-27]. The better adhesion and load carrying capacity helps
increasing the durability of the PDA/PTFE coating of different thickness compared to the PTFE
coating itself [25].
Even though the PDA/PTFE coating has been studied extensively in dry conditions, not
much progress has been made to study the tribology of the PTFE in different lubricated states [2833]. In oil lubricated conditions the wear of the PTFE coating is dominated by the delamination of
the coating [34]. Recently, Ghosh et al. reported that PDA's addition in the PTFE matrix helps to
increase the durability of the PTFE thick films in Mobil DTE-32 lubricated tribological setup [34].
It was reported that better nanomechanical properties, change in bonding structure, and improved
adherence to the cast iron was accounted for the enhanced longevity of the PDA+PTFE thick films
[34].
PTFE is a thermal and electrical insulator [1]. However, in oil lubrication conditions, it is
essential to have a higher thermal conductivity to dissipate the heat generated during tribo-contact.
Recently, polymer matrix composites have been widely used in heat exchangers and electronic
packaging due to the light weight of the polymers [35]. Metallic NPs have been added to the
polymers to improve the thermal conductivity of those polymer matrix composites [35]. Due to
their high thermal conductivity, Cu NPs are widely used to improve the thermal conductivity of
different polymersNP. It is hypothesized that the addition of Cu NPs, even at a minimal amount,
can significantly improve the thermal conductivity of the PDA+PTFE coatings.
The effect of Cu NPs on the thermal conductivity and tribological behavior of PDA+PTFE
thick films in Mobil DTE-32 lubricated condition in a single load setup is reported in this article.
The change in Young's modulus, adhesion, and hardness of the PDA+PTFE nanocomposite
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coatings due to the introduction of Cu particles and how these changes affect the tribology of the
PDA+PTFE thick films were also reported in this study.

5.3 Experimental Methods
5.3.1 Sample Preparation
A cast iron substrate (McMaster-Carr, USA) with a thickness, diameter, and roughness of
6 mm, 40 mm, and 2.39 µm, respectively, was used for this study. The roughness of the cast iron
substrate was measured by optical microscopy over an 80 µm ´ 80 µm scan size. Three different
measurements were taken, and the average roughness is reported here. The cast iron substrates
were cleaned in acetone for 20 min using a sonicator to remove dirt and oil. After the acetone
cleaning, the samples were cleaned in isopropyl alcohol in a sonicator for 10 min, followed by
drying using nitrogen gas. Three sets of coatings were prepared by first mixing dopamine
hydrochloride (Sigma Aldrich, USA), PTFE NP (with an average particle diameter of 230 nm)
aqueous dispersion (Teflon™ PTFE DISP 40, The Chemours Company, USA), and 0.12, 0.25, or
0.50 wt% of Cu NPs (US Research Nanomaterials, Inc.), respectively, in a beaker on a magnetic
stir plate, and the coating was polymerized using the combination of temperature, time, light, and
oxidizers. Once polymerized, the coating mixture was then spray coated over the cast iron
substrates. The coated substrates were placed over a hot plate for 5 min at 120°C to remove water,
and then in an oven at 300°C for 5 min to remove the wetting agent in the PTFE dispersion, and
finally, cured at 372°C for 5 min while applying a pressure of 500 psi using a hot press. A set of
control samples without Cu NPs in the PDA+PTFE matrix were prepared using the same procedure
as PDA+PTFE+Cu nanocomposite coatings.
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5.3.2 Coating Characterization
The size of the Cu NPs was investigated using a transmission electron microscope (TEM) (FEI
Titan 80-300, Thermo Fisher Scientific, USA). A drop of Cu NPs diluted to 0.005 vl% in water
was placed on a EMS300-Cu TEM grid for imaging. The distribution of Cu NPs in the coating
spray mixture was studied by using TEM. A drop of diluted PDA+PTFE+0.25 wt% Cu coating
mixture was deposited on the TEM grid for imaging. The thickness of the coating was measured
using a stylus profilometer (Dektak, Bruker, USA). The bonding structures of the coatings were
studied using an X-ray photoelectron spectroscopy (XPS; PHI 5000 VersaProbe, ULVAC-PHI,
Kanagawa, Japan).

5.3.3 Tribological Testing
A set of linear reciprocating wear tests were carried out using a universal mechanical tester
(UMT-2, Bruker, USA). The tribological behavior of the coatings in boundary oil-lubricated
conditions was studied with a ball-on-disc arrangement under 10 N normal load at a speed of 0.1
m/s and with a stroke length of 5 mm. Mobil DTE-32, a common oil used in various journal and
roller bearing operations, was used as the oil for this study to evaluate the PDA+PTFE coating as
a replacement for tin Babbitt in journal bearings. The Mobil DTE-32 shows high chemical and
thermal stability and high resistance to sludging [36]. A chrome steel ball with 6.35 mm diameter
and 162 ± 7 nm average roughness was used as the counterface. The durability of the coatings was
determined by performing progressive tribological tests because it is hard to determine when the
coating failed due to the similar coefficient of friction (COF) of the coated and the bare cast iron
in oil-lubricated condition. A series of tribological tests were performed on each coating at
different number of cycles and the wear depth of the coating was monitored. The coating was
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characterized as failed when the wear depth reached to a critical value (> 44 µm), just 1 µm less
than the coating thickness to avoid the interaction of the counterface and cast iron substrate in
durability measurement. Scratch tests were performed using a diamond tip with a 400 µm diameter
and a 120º full cone angle. The scratch tests were performed under a linearly varying load from
0.5 to 8 N at a speed of 0.01 cm/seconds over 1 cm length using the UMT-2. A 3D laser scanning
confocal microscope (VK X260K, Keyence Corporation, USA) was used to study the wear tracks
and understand the wear mechanisms of the nanocomposite and control coatings.

5.3.4 Nanomechanical Property Characterization
The surface morphology, Young's modulus, and adhesion force of the PDA+PTFE and the
PDA+PTFE+Cu nanocomposite coatings were measured using the PeakForce quantitative
nanomechanical (PFQNM) module of an AFM (Dimension Icon, Bruker USA). A RTESPA-30030 AFM probe (Bruker, USA) with a radius of 30 nm was used for the PFQNM mapping. Each
scan line contains 512 measurement data points. An average of 3 different measurements, along
with the property maps, are presented in this article. The hardness and Young’s modulus of the
coatings was determined by nanoindentation using a TriboIndenter (TI-900, Hystrion, USA) using
a spheroconical diamond tip with a 1-µm tip radius and a 60º cone angle. A maximum of 50 µN
nanoindentation load was used with a loading and unloading rate of 10 µN/s. The average depth
of indents was maintained at 200-300 nm [33]. The average of 10 measurements for each coating
is reported in this study.
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5.3.5 Thermal Conductivity Measurement
The thermal conductivity measurements of the coatings were performed using a custombuilt tester according to the ASTM 5470-06 standard. Data was collected by placing a circular
sample of stand-alone PDA+PTFE coating with a diameter of 38.1 mm and thickness of 800 µm
between two cylindrical copper bars; one provided a constant thermal flux via an internal cartridge
heater, and the other removed the heat through a circulating water line.

Fig. 5.1 The schematic of the thermal conductivity measurement of the coatings using
an in-house setup.
Embedded thermocouples allowed the linear thermal gradient across each bar to be
measured in real-time. From this data, both the temperature difference across the sample area, as
well as the average heat flux through the two copper bars, can be determined at a steady-state
condition. Figure 5.1 illustrates the heat flow setup from the heater (left) to the heat sink
(circulating water on the right). Assuming that the thickness of the sample is known and possesses
the same cross-sectional area of copper bars, the experimental thermal conductivity can be
extracted from Equation 1:
𝑅=

∆"
#

$

= %&
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(5.1)

where k is the thermal conductivity (W/mK), R is thermal resistance (°C/W), A is the crosssectional area (m2), L is the thickness of the sample (m), ΔT is the temperature drop across the
sample (°C), and Q is the heat flux (W).
For each coating sample, the steady-state thermal conductivity was measured in a way to
minimize the surface contact resistance. First, a known mass of Wakefield 120 series thermal
grease was compressed between the end of the two copper bars, the system was allowed to come
to a steady state; and a baseline thermal resistance measurement was taken. After recording the
baseline, the stand-alone PTFE sample was then compressed between the two copper bars with the
thermal grease, allowed to come to a steady-state, and a total thermal resistance value was
recorded. The baseline resistance measurement was then subtracted from this total measured
thermal resistance value; and with a known sample thickness, the thermal conductivity was
extracted using Equation 5.1. It was assumed that the interfacial resistance between the PTFE and
thermal grease was negligible.

5.4 Results and Discussion
5.4.1 Coating Topography
The size and shape of the Cu NPs were studied using a TEM and is reported in Figure 5.2.
The TEM image was acquired from a 0.005 vl% Cu NP in water. It can be observed from the TEM
image that even at a low concentration, the Cu NPs coagulate with each other and stack themselves.
The size of the Cu NPs was 40-50 nm.
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Fig. 5.2 A TEM image of the Cu nanoparticles and PDA+PTFE+0.25 wt% Cu
coating. (a) Cu nanoparticles, (b) diluted PDA+PTFE+0.25 wt% Cu coating, and
(c) high resolution image of the Cu NPs.

The TEM image of the PDA+PTFE+0.25 wt% Cu NPs coating mixture shows that the Cu
NPs are uniformly distributed throughout the coating (Figure (5.2b)). The TEM image clearly
shows the Cu and PTFE particles as well as the PDA connecting the PTFE particle aggregates
(Figure 5.2(b)). A higher magnification TEM image shows the size of Cu NP is 43 nm (Figure
5.2(c)).
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(a)

(b)

PDA+PTFE

Ra=10.86 nm

(c)

PDA+PTFE+0.12 wt% Cu

Ra=12.80 nm

(d)

PDA+PTFE+0.25 wt% Cu

Ra=12.52 nm

PDA+PTFE+0.50 wt% Cu

Ra=19.51 nm

Fig. 5.3 AFM images of the coatings showing compacted surface topography
(a) PDA+PTFE (control), (b) PDA+PTFE+0.12 wt% Cu, (c)
PDA+PTFE+0.25 wt% Cu, and (d) PDA+PTFE+0.50 wt% Cu.
The AFM topography images of the PDA+PTFE and PDA+PTFE+Cu nanocomposite
coatings are presented in Figure 5.3. It was observed from Figure 5.3 that all coatings are compact
without porous spots. Compression marks was observed over all the samples. However, the
PDA+PTFE+0.50 wt% Cu coatings show a rougher topography. The average roughness of the
coatings measured from the AFM images is shown in Figure 5.4. Since the average roughness of
these coatings is 11-19 nm, which is 2 orders of magnitude lower than that of the substrate of 2.39
µm, the roughness should not come from the substrate. While adding a small amount of Cu NPs
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in the coating did not change the average roughness much, adding more Cu NPs (0.50 wt%)
resulted in a significantly increased roughness. The increasing aggregation of Cu NPs was
responsible for the observed roughness increase.

Fig. 5.4 Comparison of average roughness (Ra) among PDA+PTFE and
PDA+PTFE+Cu nanocomposite coatings.

5.4.2 Nanomechanical Properties
The Young's modulus and adhesion maps of the control and the nanocomposite coatings
are reported in Figure 5.5 and 5.6, respectively. It was observed from Figure 5.5 that the Young’s
modulus of the PDA+PTFE coating is uniform throughout the mapped area.
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(a)

(c)

PDA+PTFE
PDA+PTFE
PDA+PTFE

PDA+PTFE+0.25wt%Cu
PDA+PTFE+0.12
wt%
PDA+PTFE+0.25
wt%
Cu

(b)

(d)

PDA+PTFE+0.12 wt%
PDA+PTFE+0.12
wt%wt%
Cu
PDA+PTFE+0.12

PDA+PTFE+0.50wt%Cu
PDA+PTFE+0.12
PDA+PTFE+0.50
wt%wt%
Cu

Fig. 5.5 Young's modulus map from PFQNM measurement of the
PDA+PTFE and PDA+PTFE+Cu coatings. (a) PDA+PTFE, (b)
PDA+PTFE+0.12 wt% Cu, (c) PDA+PTFE+0.25 wt% Cu, and (d)
PDA+PTFE+0.50 wt% Cu.

The PDA+PTFE+0.12 wt% Cu and PDA+PTFE+0.25 wt% Cu coatings also showed very
uniform Young’s modulus in the mapped area due to the homogenous distribution of the Cu NPs
in the PDA+PTFE matrix. However, the mapped area of the PDA+PTFE+0.50 wt% Cu coating
showed variation in the Young’s modulus due to the non-uniform dispersion of the Cu NPs.
Similarly, the adhesion maps of the PDA+PTFE, PDA+PTFE+0.12 wt% Cu, and
PDA+PTFE+0.25 wt% Cu NP coatings are also uniform compared to that of the PDA+PTFE+0.50
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wt% Cu coating, as shown in Figure 5.6. The non-uniformity of the adhesion in the mapped area
is related to the roughness of the PDA+PTFE+0.50 wt% Cu NP coating.

(a)

PDA+PTFE
PDA+PTFE
PDA+PTFE

(b)

PDA+PTFE+0.12wt%
wt%
PDA+PTFE+0.12

(c)

PDA+PTFE+0.25wt%Cu
PDA+PTFE+0.25wt%
wt%
PDA+PTFE+0.25

(d)

PDA+PTFE+0.50wt%Cu
PDA+PTFE+0.50 wt%
PDA+PTFE+0.50 wt%

Fig. 6 Adhesion force map from PFQNM measurement of the PDA+PTFE
and PDA+PTFE+Cu coatings. (a) PDA+PTFE, (b) PDA+PTFE+0.12 wt%
Cu, (c) PDA+PTFE+0.25 wt% Cu, and (d) PDA+PTFE+0.50 wt% Cu.
The average Young's modulus from three AFM PFQNM measurements and ten
nanoindentation measurements, along with their standard deviations, are presented in Figure
5.7(a). The Figure shows that the PDA+PTFE coatings with Cu NPs have a higher Young's
modulus than the control coating. The increase was ascribed to the superior Young's modulus of
the copper. Higher stiffness of the PDA+PTFE+Cu NPs coating means higher load required to
cause elastic deformation in the coating [33].
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(a)

(b)

Fig. 5.7 Comparison of the mechanical properties (Young's modulus,
adhesion force, and hardness) of the control and PDA+PTFE+Cu
nanocomposite coatings. (a) Young's modulus and adhesion force and (b)
hardness.
It is noted that, in Figure 5.7(a), the average Young's modulus of the coatings contains Cu
NPs measured from the AFM PFQNM decreased slightly with the Cu NP concentration, while that
measured by nanoindentation did not. This could be attributed to the tendency of Cu NPs to stack
themselves to form bigger particles and thus lower the dispersity of the Cu NPs at higher
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concentrations. The non-uniform distribution of NPs leaves most part of the coating without Cu
NPs, which resulted in lower Young’s modulus with increased Cu NP concentration. Unlike AFM
mapping, nanoindentation is only performed at isolated locations, and therefore, it is less sensitive
to local material variations from the Cu NP concentration changes.
In contrast, the adhesion force between the AFM probe and the control coating surface was
much higher than the adhesion force of the nanocomposite coatings, as shown in Figure 5.7(b).
The lower adhesion of the control coating is likely caused by larger contact area between the AFM
tip and the coating due to lower Young’s modulus.
Hardness plays a critical role in the plastic deformation of the polymeric coating. The
nanohardness of the coating was measured by nanoindentation and presented in Figure 5.7(b). It
can be observed that the addition of 0.12 wt% Cu NPs slightly reduced the hardness. A small
amount of creep was observed during the indentation of the PDA+PTFE+0.12 wt% Cu coating,
indicating a slight less compaction of this sample, which contributed to the measured lower
hardness of the coating. Further increase of Cu NPs concentration showed a slight increasing in
the hardness. The aggregated harder Cu NPs were responsible for the increased hardness of these
coatings.

5.4.3 Tribological Performance
The COF profiles of the control sample, the PDA+PTFE+0.12 wt% Cu, PDA+PTFE+0.25
wt% Cu, and PDA+PTFE+0.50 wt% Cu coatings evaluated in boundary oil-lubricated condition
for 15,000, 15,000, 20,000, and 18,000 cycles, respectively, are reported in Figure 5.8.
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Fig. 5.8 COF profiles of the PDA+PTFE, PDA+PTFE+0.12 wt% Cu,
PDA+PTFE+0.25 wt% Cu, and PDA+PTFE+0.50 wt% Cu coatings tested
in boundary oil-lubricated condition for 15,000, 15,000, 20,000, and 18,000
cycles, respectively.

The starting COF of the control coating was 0.025, which transitioned into 0.045 after 1000
cycles of testing and remained there until 4000 cycles of testing (Figure 5.8), after which the COF
dropped to 0.035 and then increased rapidly after 13,000 cycles of testing. All the nanocomposite
coatings containing Cu NPs showed a lower starting COF, which can be attributed to the
significantly lower adhesion force of the coatings than the control coating. The nanocomposite
coating contains 0.12 wt% Cu NPs showed a rapid increase in the COF at about 3000 cycles of
testing. It was hypothesized that the early deformation in the coating was responsible for the
transition. The nanocomposite coatings containing 0.25 and 0.50 wt% Cu NPs show a rapid
increase in the COF after 11,000 and 13,000 cycles, respectively.
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Fig. 5.9 Comparison of average COF and durability of the
PDA+PTFE, PDA+PTFE+0.12 wt% Cu, PDA+PTFE+0.25 wt%
Cu, and PDA+PTFE+0.50 wt% Cu coatings tested in boundary
oil-lubrication.
Figure 5.9 shows the average COF and durability of the control and the nanocomposite
coatings measured over the wear lifespan of these coatings. The average COF of the coatings were
determined from the COF of first 2500 cycles of testing to eliminate the effect of delamination in
the COF. It can be seen in Figure 5.9 that the PDA+PTFE coating has an average COF of 0.036.
All the PDA+PTFE+Cu NPs coatings showed lower average COF than the control coatings. The
higher adhesion of the PDA+PTFE coating was responsible for the higher COF of the control
coating. The durability testing indicated that the control coating was durable for 13,333 cycles in
Mobil DTE-32 lubricated conditions. The addition of 0.12 wt% Cu NPs had a detrimental effect
on the durability of the coatings, resulting in a slight decrease in durability to 12,667 cycles. The
slight decrease was attributed to the decrease in the hardness of the coating. It was hypothesized
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that the PDA+PTFE+0.12 wt% Cu coating deformed earlier to the critical wear depth of 11-12 µm
due to the lower hardness compared to PDA+PTFE coating, thus start the delamination process
sooner than the control coating. Interestingly, adding 0.25 and 0.50 wt% of Cu NPs increased the
durability of the coating to 20,333 cycles and 17,633 cycles, respectively. The enhanced durability
is attributed to the formation of micro cracks that helps decrease the debris size [10] and the better
coating adherence to the substrate compared to the PDA+PTFE due to the pinning effect of the
NPs. The decrease in the durability of the coating containing 0.50 wt% Cu NPs compared to the
coating containing 0.25 wt% Cu can be ascribed to the Cu NP aggregation at a higher
concentration. The aggregation of the Cu NPs is responsible for abrasive third-body wear, which
accelerates the delamination process. To further study the adhesion and wear mechanism of these
nanocomposite coatings, scratch tests using a diamond tip were conducted and will be explained
later.
Figure 5.10 shows the wear track images of the different types of coatings tested. It was
observed that after 15,000 cycles, the control coating was worn out, but the cast iron was not
exposed, and there were minimum wear scars on the counterface (Figures 5.10(a) and (b)). The
wear track of the PDA+PTFE+0.12 wt% Cu coating, on the other hand, showed severe wear after
15,000 cycles with exposed cast iron and severe wear on the counterface (Figures 5.10(c) and (d)).
However, PDA+PTFE+0.25 wt% Cu coating showed minimum exposed cast iron after 20,000
cycles, but there was no wear scuff on the counterface (Figures 5.10(e) and (f)). Similarly,
PDA+PTFE+0.50 wt% Cu coating after 18,000 cycles, showed some exposed cast iron but no
white severe wear line was observed and there was no wear scuff on the counterface (Figures
5.10(g) and (h)). Figure 7-10 shows that the addition of 0.25 and 0.50 wt% Cu NPs helped to delay
the coating delamination, which improved the coating durability in oil-lubricated condition.
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Fig. 10 Optical microscope images of the wear tracks and
counterfaces of the PDA+PTFE, PDA+PTFE+0.12 wt% Cu,
PDA+PTFE+0.25 wt% Cu, and PDA+PTFE+0.50 wt% Cu
coatings tested in boundary oil-lubricated condition for 15,000,
15,000, 20,000, and 18,000 cycles, respectively. (a), (c), (e), and
(g) are the wear tracks of the PDA+PTFE, PDA+PTFE+0.12 wt%
Cu, PDA+PTFE+0.25 wt% Cu, and PDA+PTFE+0.50 wt% Cu
coatings and (b), (d), (f), and (h) are the counter surfaces for (a),
(c), (e), and (g), respectively.
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5.4.4 Scratch Test
Scratch tests were conducted to understand the adhesion and wear mechanism of the
various types of coatings.

Fig. 5.11 Optical microscope images of the wear tracks of (a)
PDA+PTFE, (b) PDA+PTFE+0.12 wt% Cu, (c) PDA+PTFE+0.25
wt% Cu, and (d) PDA+PTFE+0.50 wt% Cu coatings after the scratch
test and (e) the COF profiles of the PDA+PTFE, PDA+PTFE+0.12
wt% Cu, PDA+PTFE+0.25 wt% Cu, and PDA+PTFE+0.50 wt% Cu
coatings and the load profile from the scratch test.
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The images of the wear tracks, the normal load, and the COF profiles of the scratch tests
are shown in Figure 5.11. The PDA+PTFE coating was deformed and started to form wrinkle at 4
N (Figure 5.11(a)), which was also evident from the sudden increase in the COF (Figure 5.11(e)).
The PDA+PTFE+0.12 wt% Cu coating had slightly less deformation under the same loading
conditions (Figure 5.11(b)). Interestingly, the PDA+PTFE+0.25 wt% Cu coating showed a much
smoother wear track, and there was no trace of wrinkle formation even at 8 N force (Figure
5.11(c)). The better load carrying capacity contributed to the higher resistance to the deformation
of the PDA+PTFE+0.25 wt% Cu coating. However, the PDA+PTFE+0.50 wt% Cu coating started
to form wrinkles at around 6 N, caused by the third-body wear of the bigger copper particle
aggregates (Figure 5.11(d)).

5.4.5 Wear Progression
To further compare the wear mechanism, wear progression tests were performed on the
control and the best-performing PDA+PTFE+0.25 wt% Cu coatings using the same linear
reciprocating tribological test routine.
The coatings were tested for 1000, 2000, 4000, 8000, 10,000, 15,000, 18,000, 20,000
cycles, and the wear depth of the coatings was reported in Figure 5.12. The control coating
exhibited a sharp increase in the wear rate after 8,000 cycles, which indicates that the coating has
delaminated. This can be attributed to the more porous and the not fully annealed coating at the
substrate-coating interface, as previously reported [31].
The PDA+PTFE+0.25 wt% Cu coating showed this transition occurred after 15,000 cycles
of testing. The delayed transition to the higher wear rate and delamination of the PDA+PTFE+0.25
wt% Cu coating can be attributed to the better load carrying capacity of the coating, the spreading
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of the films due to low melting point of copper, smaller debris size, and the better adhesion of the
PDA+PTFE+0.25 wt% Cu coating to the cast iron substrate.

Fig. 5.12 Comparison of wear depth of the control and
PDA+PTFE+0.25 wt% Cu coatings after 1000, 2000, 4000, 8000,
10,000, 15,000, 18,000, and 20,000 cycles of testing to investigate the
wear progression.

5.4.6 Chemical Analysis
The XPS spectra of the control and PDA+PTFE+0.25 wt% Cu coatings are reported in
Table 5.1 and Figure 5.13. Similar to previously reported [34], PDA and PTFE particles crosslinked during the high temperature annealing process and changed the XPS spectra of PTFE
coating, as evidenced by the additional bonding other than CF2-CF2 as shown in Table 5.1 and
Figure 5.13.
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Fig. 5.13 XPS pattern and changes in the bonding structure of (a) PDA+PTFE coating
and (b) PDA+PTFE+0.25 wt% Cu coating.

Table 5.1 also show that the percentage of C-C, C=O, and C-CF increased in the coating
contain 0.25 wt% Cu compared to the control coating. A decrease in the C-CF2, CF2-CF2, and CFCF2 was noticed in the PDA+PTFE+0.25 wt% Cu coating. It was concluded that the presence of
Cu NP helped facilitate further shifts in the bonding structure of the control coating. Breaking
down of the C-CF2, CF2-CF2, and CF-CF2 bonds facilitated the shifts to a more carbon dominated
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C-C and C-CF bonds. The increased durability of the control coating due to the addition of 0.25
wt% Cu NPs can be attributed to the enhancement in the cross-linking between the constituent
PTFE and PDA polymers.
Table 5.1: XPS bonding comparison of different coatings.
Bonding

PDA+PTFE

PDA+PTFE+0.25 wt% Cu

C-C

14.63

23.04

C=O

4.54

16.26

C-CF2

23.25

0.00

CF2-CF2

19.37

13.55

CF-CF2

38.21

25.75

0.00

21.41

C-CF

5.4.7 Thermal Conductivity
The thermal conductivity of PTFE and Cu is 0.25 and 385 W/mK, respectively [35]. The
thermal conductivity of the control coating was 0.25 W/mK, which is the same as that of bulk
PTFE [35]. It was noticed that the introduction of PDA particles did not influence the thermal
performance of the PTFE. The thermal conductivity of the PDA+PTFE+0.25 wt% Cu
nanocomposite coating was 0.28, which is 12% higher than the thermal conductivity of the control
coating. The higher thermal conductivity of Cu NPs contributed to the increase in the thermal
conductivity of PDA+PTFE coating.

5.5 Conclusion
The effects of the addition of Cu NPs on the friction, wear, and thermal performance of the
PDA+PTFE coating was studied. The addition of Cu NPs did not change the hydrophobic behavior
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of the PDA+PTFE coatings. The Cu NPs increased the Young's modulus of the coating in every
concentration of Cu NP, whereas the nanocomposite coating's adhesion values decreased with the
addition of Cu NPs. All PDA+PTFE+Cu NPs coatings showed lower COF compared to
PDA+PTFE coating due to the lower adhesion force between the coatings and the counterface.
The addition of 0.25 and 0.50wt% Cu NPs enhanced the durability of the PDA+PTFE coating by
52% and 33%, respectively. The enhanced tribological performance of the PDA+PTFE+0.25 wt%
Cu and PDA+PTFE+0.50 wt% Cu coatings can be attributed to the lower adhesion force to the
counterface, enhanced cross-linking between the PTFE and PDA in the presence of Cu NPs, better
adherence to the substrate, and the better load carrying capacity of these coatings. In addition to
the better durability, the PDA+PTFE+0.25 wt% Cu coating showed a 12% improvement in the
coating thermal conductivity due to the presence of Cu NPs with higher thermal conductivity.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
The effect of the PTFE coating thickness on the tribological behavior of thick PDA/PTFE
coating under 10 N normal load was studied. The PDA underlayer helps to improve the durability
of the PTFE coating in every thickness studied, ranging from 3 µm to 42 µm. The PDA underlayer
enhances the adhesion between the PTFE top coating and SS substrate, which resulted in the better
durability of the PDA/PTFE coatings compared to the PTFE coatings. More importantly, the
PDA/PTFE coating showed a pronounced increase in durability when the coating thickness was
34 µm or higher, proving our earlier hypotheses that there is an optimum thickness for a
pronounced increase in coating durability. In addition to the better adhesion to the substrate and
better load carrying capacity, the drop in contact pressure in the thicker coating was responsible
for the pronounced increase in durability of coatings thicker than 34 µm. The 42 µm-thick
PDA/PTFE coating is 4.1 times more durable than the PTFE coating of similar thickness. For the
rest of the study, the coating thickness was maintained between 40-45 µm.
The effects of adding PDA in the PTFE matrix were studied using spray-coated coatings
with coating thickness of 43±3 µm. The addition of hydrophilic PDA decreased the hydrophobicity
of the PTFE coating from 142° to 121°. The non-compacted PDA+PTFE coatings were 11 times
more durable in dry conditions than the PTFE coatings. They were much more durable due to the
better adhesion of the coatings to the SS substrates, the enhanced transfer film formation, and the
better load-carrying capacity of the coatings compared to the PTFE coatings. The non-compacted
PDA+PTFE coating showed a porous structure. Hot compaction decreased the roughness and
porosity of the coatings by 41 and 63 times, respectively. Furthermore, compacted PDA+PTFE
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coating showed 22% lower COF and 2.60 times higher durability than those of the non-compacted
PDA+PTFE coating, respectively, which confirms the earlier hypothesis that reducing the porosity
of the PDA+PTFE coatings will have a beneficial effect on the tribological performance of the
PDA+PTFE coatings. In addition to better adhesion to the SS substrate and better load-carrying
capacity, reduction of porosity and roughness due to the hot-compaction prevented the local and
global deformation of the compacted PDA+PTFE coatings during wear tests, which in turn
improved the durability of the coating.
The tribological properties of compacted PTFE and PDA+PTFE coatings deposited by
spray coating were studied and correlated to their mechanical properties. Both coatings were tested
in boundary oil-lubricated conditions where a Mobil DTE-32 was used as the oil. Both coatings
showed similar COF that is 62.5% lower than in dry conditions. The PDA+PTFE coatings were
five times more durable than the PTFE coatings in boundary oil-lubricated conditions. The
addition of PDA helped increase the Young's modulus of the coatings from 0.61 GPa to 0.97 GPa.
The adhesion of the PDA+PTFE coating surface measured by an AFM tip was slightly higher than
that of the PTFE coating surface. The better nanomechanical properties of the PDA+PTFE
coatings and the cross-linking between the PDA and PTFE contributed to the better durability of
the PDA+PTFE coatings than the PTFE coatings in oil-lubricated condition. The cross-linking of
the PDA and PTFE occurred during the high-temperature annealing process. The delamination of
the coating dominated the wear mechanism of the PDA+PTFE coatings after the wear depth
reached a critical thickness.
Cu NPs of 0.125, 0.25, and 0.50 wt% were added to the PDA+PTFE coatings to study the
wear mechanisms and the effects of NPs on the wear properties of PDA+PTFE coatings in oillubricated conditions. The addition of Cu NPs increased the Young’s modulus and decreased the
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adhesion force and COF of the PDA+PTFE coatings. Additionally, the addition of 0.25 and 0.50
wt% Cu NPs enhanced the durability of the PDA+PTFE coatings by 52% and 33%, respectively.
The improved tribological performance of the PDA+PTFE+0.25 wt% Cu NP and
PDA+PTFE+0.50 wt% Cu NP coatings were attributed to the lower adhesion force to the
counterface, the enhanced cross-linking between the PTFE and PDA in the presence of Cu NPs,
the better adherence to the substrate, and the better load-carrying capacity of these coatings. In
addition to the improved tribological performance, the addition of 0.25 wt% Cu NPs increased the
thermal conductivity of the PDA+PTFE coating by 12%.
In summary, the tribology of thick PTFE coating enhanced by PDA in dry and oillubricated conditions has been studied in this dissertation. The PDA as an underlayer or constituent
of PTFE coatings can improve the durability of the coating in dry conditions. The increase in
durability can be attributed to the increase in adhesion between the substrate and the coating and
the elimination of the global delamination and detachment from the substrate under frictional load.
The durability of the PTFE and PDA/PTFE coatings showed a drastic increase when the coating
thickness is 34 µm or higher under 10 N normal load due to the sudden decrease in contact
pressure. Hot compaction helped to reduce the roughness and porosity of the coatings, which
prevented global delamination of the coating and increased the load-carrying capacity of the
PDA+PTFE coating, and hence enhanced the durability of the coatings over non-compacted
PDA+PTFE and PTFE coatings. Similar to at the dry conditions, the PDA+PTFE coating is five
times more durable than the PTFE coating in oil-lubricated conditions. The increase in durability
can be attributed to the better nanomechanical properties, better load carrying capacity, and crosslinking between PDA and PTFE. However, the wear mechanism of the PDA+PTFE coating in oillubricated conditions is dominated by the delamination of the coating after wear depth reached a
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critical thickness. The addition of 0.25 wt% Cu NPs delayed the delamination process and
improved the durability of the PDA+PTFE coating by 52%. In addition to the better
nanomechanical properties, the improved adhesion due to the addition of Cu NPs and further crosslinking of the PDA and PTFE in the presence of Cu NPs were responsible for the increase in
durability of the PDA+PTFE+0.25 wt% Cu coating.

3.2 Future Work
Thick PTFE coatings have a wide range of applications. Even though the Tribological
performance of the thick PTFE coatings have been extensively studied in this dissertation, there is
still much to research in the future.
The PDA/PTFE thick coating was studied with only one PDA underlayer thickness. The
effect of the thickness of the PDA underlayer of the PDA/PTFE coating could be studied. In
addition, it will also be interesting to see the impact of having multilayered PTFE bonded together
with PDA layers.
Even though adding PDA and Cu NPs helped improve the durability of the PTFE coating
in oil-lubricated condition, PDA+PTFE and PDA+PTFE+Cu NP coatings still showed gross
delamination after worn through 10-12 µm of the coating thickness. The porous structure and the
not fully annealed coating at the cast iron-coating interface were responsible for the aggressive
delamination. Better compaction and heat treatment process can be investigated to prevent the
coating delamination.
The coating will be much more durable and applicable if the delamination is prevented. In
a real-world setup, the oil usually gets contaminated by water during operations of the bearings.
The next phase of this research includes studying the performance of PDA+PTFE coating in water
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contaminated oil-lubricated conditions.
The PDA+PTFE coatings have the potential to be used to replace Tin-based Babbitt
material in journal bearing application. The future direction of this work includes the actual bearing
tests with PDA+PTFE coated cast iron and Tin-based Babbitt and compare the results.
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